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I. INTRODUCTION 
The Fort Dodge Beds of Webster County, Iowa, are a laminated gypsum 
deposit that has been of economic importance to the state for over a 
hundred years. The age and genesis of the deposit present a major problem 
to geologists because the beds exhibit no definitive stratigraphie relation­
ship to the surrounding rocks. Available data to date have not provided 
its paleoenvironment. 
This study was undertaken primarily to investigate in greater detail 
than heretofore accomplished the chemistry and petrology of the Fort Dodge 
Gypsum Beds in the hope that a model for its depositional paleoenvironment 
and other details of its genesis and history could be derived. Subsidiary 
study concerning (1) its geologic setting in terms of its relationship to 
the surrounding strata, (2) the available paleontological and geochemical 
evidence as far as its age, and (3) paleogeological and paleogeographical 
setting were undertaken to provide as much data as possible on the problem. 
After a discussion of the literature on the subject and other available 
data mentioned above, the major emphasis of the study is presented in three 
parts: the chemistry of the gypsum, the petrological and mineralogical 
features of the deposit, and a statistical analysis. Summary and conclu­
sions concerning the paleoenvironment are discussed at the end of the study. 
Webster County, Iowa, is located in the Central U.S. on the northern 
part of the Forest City Basin. The Fort Dodge gypsum lies in a small 
shallow basin eroded in Mississippian and Pennsylvanian rocks. It is 
overlain by a glacial cover ranging in thickness from 30' to 100'. 
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Chemically the Fort Dodge gypsum is one of the purest calcium sulphate 
deposits in the world, though it contains small amounts of accessory 
minerals of extremely small size. The overall mineralogy resembles that of 
other ancient marine deposits. 
Diagenetic features are abundant in the Fort Dodge gypsum and can be 
observed in both megascale and microscale examination. The original 
deposit has been extremely altered, and only subtle traces of the primary 
structures remain. 
A long controversy has existed concerning the age of the deposit, but 
recent research has settled the problem. Two independent researchers (a 
geochemist and a palynologist) have provided the writer with unpublished 
reports showing strong evidence for a Jurassic age. 
The quarry industry has been active in Fort Dodge since 1872 and today 
is represented by four companies : the United States Gypsum Company, the 
National Gypsum Company, Georgia Pacific Corporation, and the Celotex 
Corporation. The annual volume of gypsum extracted from the deposit is the 
secoid largest in the nation. Quarry officials estimate that enough gypsum 
remains to employ the four companies for at least 50 to 100 years. The 
chief product of the gypsum is wallboard used in construction. The local 
industry is centrally located in the Midwest and lies within 350 miles of 
several major cities (Chicago, Minneapolis, Omaha, and Kansas City) to 
which it is a major supplier. 
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II. REVIEW OF LITERATURE 
A. Early Studies in the Geology 
of the Fort Dodge Gypsum Beds 
The first record of the thick deposits of gypsum in Webster County, 
Iowa, was made by D. D. Owen (1852) in an account of his canoe trip down 
the Des Moines River in 1849. Soon afterward it became regarded as the 
most important gypsum deposit in the United States (Keyes, 1893). Owen 
reported that the gypsum everywhere conformably overlies pink shales and 
that it occupies "an area of from two to three miles square." Worthen 
(1858), a decade later, stated that it did not appear to lie conformably 
upon the underlying Coal Measures. 
White (1870) suggested the gypsum was laid down in a basin isolated 
from the sea and subjected to gradual evaporation. McGee (1884), in his 
report of building stones, accepted White's interpretation, but McGee also 
conceded that as a building stone, the Fort Dodge gypsum lacked durability. 
Keyes (1893) wrote that the gypsum beds form "a broad plate at least 
ten or a dozen miles in length and about six miles in breadth," lying 
chiefly to the south of Fort Dodge in central Webster County (Figure 2.1). 
Exposures of the beds along river banks and in quarries range in thickness 
from 2' or 3' to 30* or more, the average thickness being about 16'. The 
tract of the gypsum trends approximately northeast and southwest, nearly 
perpendicular to the valley of the Des Moines River. In fact, Keyes (1893) 
writes: 
through the middle of the area the Des Moines River has cut a 
deep trench removing a narrow belt of gypsum half a mile in width, 
yet at the same time exposing the deposit in its best development 
and making it more accessible than would ever have been otherwise. 
Map o£ Iowa depicting the location of Webster County in the north-central part of the 
state 
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Keyes (1893) describes the gypsum as the "perfectly massive variety, made 
up of numerous thin, alternating bands of white and gray calcic sulphate" 
that measure 1/8" to 1/2" in thickness. It is the characteristic banded 
appearance of the Fort Dodge Gypsum which makes it so easily recognizable 
and makes it stand out so uniquely in the strata of Webster County (Plate 
lA). 
At the base of the gypsum there appears "a layer of red, ferruginous, 
clayey, and sometimes sandy nodular shale" measuring from a few inches to 
2' or 3' (Keyes, 1893). Lees (1922) later suggested that these shales may 
be residual from decay of the basal layers of gypsum. Directly beneath the 
red shales is a layer of Carboniferous beds (Coal Measures). Above the 
gypsum beds and directly beneath the glacial drift are red sandy shales 
which pass upward into friable massive sandstone. These upper beds, as 
well as the Carboniferous beds, are not everywhere continuous. In places 
the gypsum is in contact with drift above or Mississippian limestone 
(St. Louis Limestone) below. 
Keyes (1893) pointed out a location on the North Lizard Creek where 
the gypsum lay directly atop a bed of "soft, white, fine-grained sandstone, 
with some red sandy shales." He correlated this sandstone with the gypsum, 
but it was later shown, on the basis of fossil content, to belong to the 
Ste. Genevieve Limestone Formation (Lees and Thomas, 1918). Thus, in addi­
tion to the lower contacts of the Des Moines Series Coal Measures and the 
St. Louis Limestone, the Fort Dodge Gypsum unconformably overlies another, 
Mississippian, formation. 
Keyes (1893) suggested the Fort Dodge Gypsum was a deposit of a long 
shallow estuary stretching out into a broad open sea. Believing the 
6 
deposits to be Cretaceous in age, Keyes looked beyond the borders of the 
Fort Dodge area to find other evidence of the estuary or the Cretaceous sea. 
He found no more surface exposures of gypsum to the southwest, but it was 
commonly known that Cretaceous chalk outcropped in Sac County. 
Consequently, Keyes concluded, "The gypsum extends on from the Fort Dodge 
region through the southwestern part of the county and connects with chalk 
deposits found near Auburn in Sac County" (Keyes, 1893). 
Wilder (1901), doing a study of the geology of Webster County, 
concluded that "during some part of the Permian or Jura-Trias period, a 
hollow of considerable extent was filled with saline deposits, the gypsum 
beds." Following a long period of exposure, the coal, shales, gypsum, and 
limestones were covered by glacial drift from the advances of three ice 
sheets. Most of the material from the first two glaciations was removed by 
subsequent erosion so all that remains are "scattered beds of badly rusLsd 
and decayed gravel." The third glacial episode, the Wisconsin, covered the 
region with clay, pebbles, and boulders. Post-Wisconsin erosion has barely 
scratched the surface of Webster County, though beneath the Wisconsin drift 
the "surface of the gypsum everywhere appears deeply trenched and worn. 
Some of the trenches cut half way through the entire deposit" (Wilder, 
1901). 
Wilder (1901) reported the occurrence of light colored calcareous 
sandstone free of fossils associated with the shales capping the gypsum. 
He prepared a map intimating that the gypsum lay in a belt extending well 
into Calhoun and Humbolt Counties. Later he modified this map upon acqui­
sition of further well evidence indicating a deposit of much smaller areal 
extent (Wilder, 1918). 
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Wilder (1901) described two environments which may account for the 
gypsum—an enclosed sea similar to the Great Salt Lake and a deep basin 
with restricted influx analogous to the Mediterranean Sea. He finally 
concluded that the Mediterranean model is probably the more tenable. 
The first report of a basal conglomerate beneath the gypsum in some 
places was made by Lees (1918) in his report on the gypsum deposits. The 
lower part of the ravine of Two Mile Creek (now called Gypsum Creek) 
exposes a section of gypsum in direct contact with Des Moines Series 
shales. One-half mile up the ravine gypsum overlies a reddish or grayish 
conglomerate 1' or 2' thick. The pebbles of the conglomerate are mostly 
well-smoothed limestone. Beneath are shales of Des Moines age. In 
still other places, the conglomerate outcrops immediately below the drift. 
Lees (1918) reported on the fossils in the conglomerate and wrote that 
they are Pennsy1vanian (Missouri Age). "Some of the specimens show 
evidence of wear as from rolling, but they do not seem to have been trans­
ported far." The nearest known rocks of Missouri Age were in Carroll, 
Crawford, and Monona Counties. 
Lees (1918) was also the first to report the phenomenon of gypsum 
domes in an area where glacial overburden had been recently removed. The 
upper layers of gypsum on the floor of the exposure had been arched up, 
forming a number of hollow domes of ovate outline. He suggested that the 
domes may be attributed to absorption of water by crystals of gypsum in the 
upper layers. Lees (1918) stated that the doming may have occurred later 
than the removal of the overburden, but "the association of the domes with 
pre-Wisconsin solution channels suggest, a much earlier time of formation." 
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Lees (1922) later described the basin of deposition of the gypsum. 
"The evidence seems to show convincingly that the Fort Dodge Beds were 
deposited in a basin of erosion cut into the strata of Des Moines and 
Mississippian Age." In places, this erosion cut fully through the Des 
Moines Series so the Fort Dodge Beds lie directly on the St. Louis and 
Ste. Genevieve Limestones. 
Hale (1955) showed, through the accumulation of well data since 
Wilder's reports, that the areal extent of the gypsum should again be 
reduced. 
Many places formerly believed to be underlain by gypsum were instead 
underlain by St. Louis Limestone. Hale's map refuted earlier contentions 
of a southwest-northeast trend to the beds. The wells produced evidence 
that "a large buried valley had bisected the main gypsum body on the north­
east and had opened up into another extremely large valley, which extended 
beyond the eastern limits of the county" (M. F. Zaskalicky, 1956, Unpub­
lished Report, U.S. Gypsum Company). Hale (1955) also produced evidence of 
a graben-type fault structure passing through the Fort Dodge vicinity. In 
an unpublished report he prepared for the United States Gypsum Company, 
Zaskalicky, 1956, described the buried valleys and basal limestone conglom­
erate, as well as a "profound erosional unconformity existing between the 
overlying red shale and the gypsum members." Based upon similar litholo-
gies between these shales and the Dakota Sandstone Formation, Zaskalicky 
assigned the red shales to the Cretaceous and designated them the Soldier 
Creek Formation. 
A more recent map of the areal extent of the Fort Dodge gypsum was 
drafted by the Iowa Geological Survey as part of an interstate highway 
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study. A redrawing of this map is given in Figure 3.1 of the present 
study. 
The stratigraphical relationships of the various rock bodies in the 
Fort Dodge vicinity are illustrated in an interpretive section in Figure 
2.2. The field relations of the Fort Dodge gypsum and the Soldier Creek 
clays have not as yet been worked out because their age relations have not 
been definitively determined. There is no field evidence suggesting 
whether the Fort Dodge gypsum was deposited with a carbonate association or 
a red bed association^  If the Soldier Creek clays are Jurassic, it would 
imply a red bed association for the gypsum and the paleoenvironment of the 
Fort Dodge beds would be an arid desert-type climate. It may be that the 
Soldier Creek clays are equivalent to the Michigan red beds. Some believe 
the Soldier Creek clays are Cretaceous, and if this is true, the unconform­
ity at its base leaves us no evidence to suggest any environmental associ­
ation for the gypsum. In the vicinity of Soldier Creek, the clays reach 
their maximum thickness of approximately 25'. They decrease in thickness 
southward until the gypsum is directly overlain by drift. 
The Fort Dodge Beds lie unconformably on Pennsylvanian shales (Des 
Moines Series) in some places and on Mississippian rock in others. 
The gypsum beds do not form a continuous deposit, but they lie in 
several shallow pockets. They may have originally formed a continuous 
deposit of much greater thickness on a series of isolated shallow basins. 
Again the field relations are not clear. There is also the possibility 
that the gypsum has been leached out in some places. It is remarkable that 
even the remaining small amount of such a soluble body was preserved 
through long periods of exposure and erosion since the Jurassic. 
SOLDIER CREEK 
RAVINE PLEISTOCENE DRIFT 
SOLDIER C^K CLÀY. 
FORT DODGI 
V FAULT i 
=DES MOINES SERIES 
::!§T|^nevieve7M 
ST LOUIS 
LIMESTONE '-r-'-r 
Figure 2.2. Interpretive section of the Fort Dodge area near Soldier Creek. The unconformity of the 
Soldier Creek clays with older beds makes It difficult to determine paleoenvlronments 
for the clays and the Port Dodge gypsum 
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B. Age of the Fort Dodge Gypsum 
A major problem in determining the age of the Fort Dodge Beds is the 
fact that, until recently, no fossils had been found in the gypsum. Age 
relations had to be based on local and regional stratigraphie and struc­
tural relationships. 
Owen (1852), believing the gypsum to lie conformably upon the Des 
Moines Series, assigned it to the Carboniferous. Hall (1869) correlated 
the Fort Dodge Beds with red marls and ferruginous clays of southern 
Minnesota and believed them to be "not older than Triassic." White (1870), 
finding no evidence for Iowa deposits later than the Cretaceous (except 
drift), concluded that the gypsum deposits are of Mesozoic age, "perhaps 
older than the Cretaceous." 
It was mentioned earlier that Keyes believed the gypsum extended into 
Sac County and joined up with Cretaceous chalks. He wrote: 
In light of recent geological observations in northwestern Iowa, 
which indicate that exposures which are undoubtedly Cretaceous 
occur much farther eastward than had hitherto been regarded, it 
would appear that the gypsum beds and the accompanying overlying 
shales may be considered as Cretaceous in age, and that they were 
probably deposited at the same time as the Niobrara chalks along 
the Missouri River near Sioux City (Keyes, 1893). 
Keyes concluded that the Niobrara chalks represent the greatest expansion 
of Cretaceous waters in Iowa. Since the Fort Dodge Beds lie unconformably 
on the Pennsylvania Beds, the next opportunity suggested by the rock record 
for the generation of saline deposits in Iowa could be the Cretaceous. 
Wilder (1901, 1903) believed the Fort Dodge Beds were Permian in age, 
based upon the similarities of the upper red shale member and the Permian 
red beds of Kansas, Oklahoma, and Texas. The red beds, like the Soldier 
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Creek shales, are nearly devoid of fossils "due probably to the fact that 
the climatic conditions favoring deposition of gypsum were hostile to 
organic life" (Wilder, 1901). The widespread aridity during the Permian in 
North America and Europe has been well-established in the rock record. 
Triassic red beds containing gypsum also occur in the western United 
States. The Triassic red beds occur much farther from the area of the Fort 
Dodge Beds than do the Permian red beds, which suggested to Wilder (1901) a 
Permian age for the Fort Dodge Beds. Triassic gypsum deposits in 
Kansas lie conformably on the Coal Measures, while those in Iowa do not. 
In the end. Wilder believed the spatial relationships present a 
stronger case for a Permian age. Wilder (1901) outlined evidence suggesting 
that the Cretaceous of Iowa was not an arid period that would permit the 
formation of a thick gypsum deposit. The Cretaceous chalks of Sac County 
indicate the presence of abundant life, while the Fort Dodge Beds had not 
as yet rendered any fossils. Wilder wrote: 
if the Iowa gypsum were referred to the Cretaceous, it would be 
the only gypsum deposit of economic importance in Europe or 
America assigned to this period of geological history. The 
gypsum may, therefore, be reasonably regarded as Permian, though 
the possibility of its being Triassic cannot be denied. 
Keyes (1914) refuted Wilder's belief that the Fort Dodge Beds could be 
correlated with the Permian of Kansas. He wrote: 
. . .  i f  t h e  O k l a h o m a  a n d  C i m a r r o n i a n  b e d s  ( s o - c a l l e d  P e r m o -
Carboniferous and Permian) of Kansas even existed so far into 
Iowa territory as Fort Dodge, they were at least 2000 feet above 
the floor of the gypsum deposits and were never continuous with 
them. 
In a later publication, Keyes (1915) assigned the gypsum to the Miocene, a 
contention that found little support among his contemporaries. 
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Holser (Dept. of Geology, University of Oregon, 1981, personal commu­
nication) compiled sulfur isotope data from the Fort Dodge gypsum and 
34 32 
compared the ratio of S /S against a large number of samples collected 
34 
worldwide. The sulfur isotope ratio (6 ) has fluctuated throughout geo­
logic time, and 
34 5 S in calcium sulfate deposits of marine evaporite rocks that 
have been well-preserved (exempt from biological reduction and 
from replacement) should closely represent the 5^  ^of the sulfate 
dissolved in concentrated seawater at the time and place of 
deposition (Claypool et al., 1980). 
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Holser provided data indicating that 6 of the Fort Dodge gypsum is 
considerably heavier than the usual value found throughout the Permian. 
The ratio is consistent, however, with either a Carboniferous age or a 
Triassic-Jurassic age. If the Fort Dodge gypsum were of Mississippian-
Pennsylvanian age, the fact that the gypsum unconformably overlies 
Des Moines series shale would leave very little time "for a direct precipi­
tation of sulfate from a late Pennsylvanian sea" (Holser, personal communi­
cation) . 
A constraint on a Triassic-Jurassic age, on the other hand, lies in 
the fact that (as will be shown later in this report) the Fort Dodge Beds 
have undergone considerable replacement. 
Evidence corroborating a Jurassic age was presented a year later in an 
unpublished study of spore, pollen, and ferns found in the gypsum 
(Dr. Aureal T. Cross, personal communication to Mr. Fred Dorheim, Iowa 
Geological Survey, 1966). Cross concluded that the flora is of Upper 
Jurassic Age, probably equivalent to the Morrison Formation and the 
Kimmeridgian of Europe. He wrote: 
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The flora is earlier than any Cretaceous flora known from Iowa at 
the present time. The well-known Cretaceous rocks contain a 
flora with abundant Angiosperms (flowering plants) and a number 
of advanced fern types including the Anemia Group. There are no 
Angiosperms of any certainty of identification in the Fort Dodge 
Beds, and Anemia is exceedingly rare, about like it would be in 
Jurassic. Furthermore, the gymnosperms are a fairly primitive 
type with abundant podocarps and some of the early Tsuga- and 
perhaps Abies-types. The abundance of Classopollis is typical of 
Jurassic rocks. 
Though the possibility exists that the flora may be early or mid-Cretaceous, 
Cross points out that this flora is older than known Cretaceous flora in 
Iowa and younger than any Pennsylvanian known. Furthermore, they show no 
affinities to the Permian floras from Kansas, Oklahoma, or the Appalach­
ians. The only known affinities that exist for the Fort Dodge flora are in 
the Michigan Red Beds. Additional studies done by Shaffer^  (1969) provide 
evidence, based on flora similar to that in the Fort Dodge Beds, of Jurassic 
Red Beds in the Michigan Basin. This is significant because all previous 
evidence suggests that there are no Jurassic sediments in the United States 
besides those along the Pacific Coast, the Gulf Coast, and the Western 
Interior (Imlay, 1980; Figure 2.3). 
The ferns in the Fort Dodge Beds are an arid to semi-arid variety, 
though they may have also flourished in wet local areas. The gymnosperms 
are definitely a semi-arid variety. 
Cross also analyzed a "half inch scaly layer at the bottom of the 
gypsum bed." This is equivalent to that which Lees (1922) believed 
to be residual from gypsum dissolution. Floral analysis shows that this 
layer is the same age as the gypsum. 
B. L. Shaffer, 1967. Palynology and geology of newly discovered 
Jurassic sediments in the Michigan Basin. Abstract. GSA Special Paper 115, 
p. 376. 
Figure 2.3. Distribution of Jurassic sediments in the United States (from Sloss et al., 1960; 
Mintz, 1972). The map also depicts the more recent discovery of Jurassic sediments in 
Iowa and Mlcliigan 
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C. Geological Setting of the Fort Dodge Gypsum: 
The Jurassic Rocks of Adjacent Regions 
Given an Upper Jurassic age for the Fort Dodge Beds, a reconstruction 
of the Jurassic of other parts of the United States will help to describe 
the regional setting of the Iowa evaporites. This section will sketch the 
various environments existing in the United States throughout the Jurassic. 
The possible environments of the Fort Dodge gypsum will be handled in a 
later chapter. 
From Precambrian to Recent times, six major craton-wide unconformities 
have been identified in North America, each of which can be shown to extend 
across the sedimentary basins of the cratonic interior and into the miogeo-
synclinal basins at the margins (Sloss, 1963). The transgressive phase of 
each sequence (period between unconformities) is well-preserved in the 
sedimentary record, whereas the regressive phases, because of erosion at 
the end of each sequence, are poorly preserved. The sequence representing 
the Middle Jurassic to Middle Paleocene time is called the Zuni, during 
which time the Zuni Sea began transgressing from the Cordilleran Geosyn-
cline on the west to the Gulf of Mexico on the southeast (Mintz, 1972). 
Though a gap in the Jurassic record exists between the Gulf region and the 
Western Interior (Figure 2.3), it is generally thought that an epicontinen­
tal sea may have continuously flooded eastern Mexico, southern Texas, 
Louisiana, and southern Arkansas and then connected with the one coming 
from the Cordilleran region. Jurassic formations are evident in six 
regions in North America—the Gulf region, the Western Interior, the 
Pacific Coast regions, Alaska, Greenland, and the Central Interior (the 
Michigan Basin and the Fort Dodge Beds). On the basis of their 
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juxtapositions to the Fort Dodge Beds, the geology of the Western Interior, 
the Gulf region, and the Michigan Basin will be more closely examined. 
1. The Western Interior 
At various times during the Jurassic, part or all of the states of 
Montana, Wyoming, North and South Dakota, Idaho, Colorado, and New Mexico 
were covered by waters of the Zuni Sea. Highest rates of sedimentation, 
attaining a maximum thickness of more than 3,000 m, were in the north-south 
trending trough bounded on the west by the Idaho-Wyoming border and extend­
ing into central Utah. Eastward the sediments thin rapidly to less than 
200 m, thickening slightly to 400 m in the Williston Basin of eastern 
Montana (Hallam, 1975). Protruding above the surface of the water in 
places were several islands or shallows, the most prominent of which were 
Belt Island in Central Wyoming and Uncompahgre Swell of Central Colorado 
(Imlay, 1980; Hallam, 1975; Brenner and Davies, 1974). The sediments show 
evidence of deposition in a shallow sea in an arid environment with 
restricted connection with the open ocean. 
The rock record preserves evidence of four major transgressions of the 
Zuni Sea over the Western Interior, each of progressively increasing extent 
(Figure 2.4). The first of these transgressions, represented by the Fernie 
Group in Southeast British Columbia, may have never reached the United 
States, though some believe representatives exist in Eastern Oregon and 
Northwestern Montana (Sloss, 1963). Sloss (1963) has correlated Fernie 
deposits with deposits in Great Britain, and he assigns the first trans­
gression to Sinemurian time of Early Jurassic. The second transgression, 
during high Lower Bajocian time, reached south into Wyoming and Utah and 
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Figure 2.4. Three transgressions of the Jurassic Sea over the Western 
Interior of the United States. The transgressions became 
progressively more widespread each time. The oldest trans­
gression is represented by the dotted line and the youngest by 
the dashed line. The western extent of all transgressions is 
represented by the solid line. A fourth and older transgres­
sion is represented only in Canada and possibly Oregon (from 
Hallam, 1975) 
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east into the Dakotas. The third transgression took place during Callovian 
time and is marked by a basal shallow-water oolite or sandstone overlain by 
shales with abundant Gryphaea bivalves (Imlay, 1980). The fourth trans­
gression, during Lower Oxfordian time, submerged Belt Island for the first 
time. Preceding the Oxfordian transgression was a widespread regression 
marked by the local absence in the north of the Lower Sundance Formation. 
Subsequent to Lower Oxfordian transgression, a widespread regression and 
consequent nonmarine deposition is indicated by the famous terrestrial 
fossils of the Morrison Formation. The formations of the Jurassic have 
been given various names in different areas of the Western Interior, and 
Sloss (1963) has correlated these deposits as depicted in Figure 2-5. 
2. The Gulf Coast 
The Jurassic of the Gulf Coast is not known in as much detail as that 
of the Western Interior because Jurassic sediments are covered by a mantle 
of Cretaceous rocks. Drill data show that the bulk of Gulf Coast sediments 
of Lower Cretaceous and Jurassic times consist of near-shore shallow water 
deposits in Arkansas which grade southward into offshore shallow water 
deposits in Louisiana and Texas (Imlay, 1940). Deposition did not begin 
until Callovian time (late Middle Jurassic) with formation of the Louann 
Salts (Imlay, 1980). Drill cores of Mesozoic rocks show that fossiliferous 
strata of Jurassic age sit atop the older Jurassic wedge of salts, which 
reach a known thickness of 4,500 m (King, 1976; Figure 2.6). These salts 
are the only thick Jurassic evaporite deposit in the U.S. The Gulf of 
Mexico is a fairly young basin which formed during Late Triassic-Early 
Jurassic time. Jurassic deposits thicken progressively southward. 
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reflecting continual subsidence of the basin throughout the period (Imlay, 
1940). Above the Louann salts, Jurassic strata are divided into four 
formations—the Eagle Mills Formation, the Smackover Formation, the Buckner 
Formation, and the Cotton Valley Formation (Figure 2.6). 
3. The Michigan Basin 
Except for the Fort Dodge gypsum, the Michigan "Red Beds" are the 
least understood of all Jurassic sediments in the United States. These 
reddish colored clastics and evaporites, like the Fort Dodge beds, lie 
unconformably on Pennsylvanian and Mississippian strata and are directly 
overlain by Pleistocene drift (Imlay, 1980). Information on their age is 
provided by spore/pollen assemblages whose time ranges are established by 
similar assemblages from Canada, Australia, and Europe (Shaffer, 1969). 
Of the diagnostic fossils present in the Michigan Red Beds, 
Classopollis are the predominant genus^  (Shaffer, 1969). In his first 
report on the palynology of the Red Beds in 1967,^  Shaffer announced the 
discovery of 12 genera of spore and pollen, adding that spores of 
pteridophytes were extremely rare. In a subsequent report (Shaffer, 1969), 
he described 64 spore and pollen species assigned to 31 genera. More than 
70 percent of the assemblage are Classopollis pollen, which had a worldwide 
distribution during Jurassic and Cretaceous times (Archangelsky, 1968). Of 
the spore species in the assemblage, 39 percent are pteridophytes (ferns), 
and 61 percent of these are gymnosperms (Shaffer, 1969). 
The assemblage indicates a Jurassic age, which is further supported by 
the absence of angiospermous pollen. It is widely accepted that angio­
sperme did not evolve until Cretaceous time, but some morphologists have 
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postulated a Late Paleozoic or Early Mesozoic origin (Axelrod, 1952; 
Stebbins, 1965). Stebbins (1965) believed that such primitive angiosperms 
"were small, shrubby, possibly insect pollinated plants that lived in hilly 
or mountainous regions." Because little of their pollen would have been 
shed, evidence of their existence would be absent (Beck, 1976). 
The spores and pollen comprising the Michigan assemblage are not known 
to extend below the Cretaceous or Late Jurassic, and global correlations 
"based on species ranges suggest a middle to lower Upper Jurassic age," 
Shaffer, 1967.^  An almost identical floral assemblage is found in the 
Fort Dodge gypsum, providing evidence for the contemporaneity of the 
Michigan Red Beds and the Fort Dodge gypsum. The two sequences are the 
only known Jurassic rocks in the central lowlands east of the Western 
Interior and north of the Gulf Coast. 
Shaffer^  suggests the Red Beds were fluviatile and shallow 
oxidizing lacustrine deposits laid down after structural subsidence of the 
Michigan Basin. Xerophytic flora and gypsum in the Red Beds fit them well 
into the framework of a global arid belt in the United States and Europe in 
Kimmeridgian time. The tropical to subtropical constituents of the paly-
nological assemblage were probably carried into the basin by streams whose 
sources lay in adjacent continental uplands. The presence of the Fort 
Dodge gypsum in Central Iowa may suggest a continuous shoreline linking the 
Michigan Basin to the Western Interior sea. In the central interior of the 
U.S., there is a major unconformity at the end of the Jurassic, and it is 
significant that the only remnants of Jurassic rocks occur in shallow 
basins in Iowa and Michigan. 
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III. CHARACTERIZATION OF THE FORT DODGE BEDS 
The following pages present the original research performed for this 
study organized into three parts: (1) chemical analysis, (2) petrological 
investigation, and (3) statistical analysis. The results of the research 
provide data from which to suggest a paleoenvironment for deposition of the 
gypsum and to describe subsequent diagenesis that may have taken place. 
A trace chemical analysis was used to compare the Fort Dodge Beds to 
other calcium sulphate deposits in the world. The chemistry has been 
interpreted with reference to the accessory mineral assemblages of the 
deposit. 
Thin section analysis was used to unravel the diagenetic history of 
the deposit and to determine the wide variety of crystal forms that gypsum 
takes. The analysis shows that the Fort Dodge gypsum has been almost 
totally recrystallized in a low state of diagenesis. Observable crystal 
forms include microcrystalline gypsum, anhedral gypsum grains, satin spar, 
and euhedral selenite laths. 
Though many interpretations are suggested by the chemical and micro­
scopic studies, a statistical analysis was used to support conclusions. 
The statistical analysis was performed to determine relationships between 
the mineralogy of the gypsum and observable physical fractures. 
This research provides insight into Iowa's past, and because of the 
scarcity of Jurassic rocks elsewhere, it provides a link to the geology of 
other parts of the U.S. The Jurassic was a period of large-scale rifting 
in both the Atlantic and Pacific areas, and the Fort Dodge gypsum is one of 
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the few clues to the configuration of the cratonic interior during this 
time. 
A. Chemistry of the Fort Dodge Gypsum 
1. Major element analysis 
The Fort Dodge gypsum consists of almost pure (89 percent to 96 per­
cent) calcium sulphate minerals, as determined by several independent 
sources over the past 70 years. The very small fraction of the beds that 
is not calcium sulphate has some rather significant effects on the rest of 
the rock. It is these impurities that impart to the beds their regular 
series of laminations. The laminations appear as couplets of one light 
band and one gray to blue-gray band (Plate lA). 
Several specimens were collected from each of the quarries currently 
being worked in the Fort Dodge area, as well as from other locations within 
the area (Figure 3.1). Because new quarries are back-filled after the 
gypsum has been removed, collection sites are restricted to those quarries 
currently being worked, those worked before laws required back­
filling, and along river banks where down-cutting streams have exposed the 
gypsum. Besides these locations, gypsum cannot be found because the beds 
are overlain by up to 100' or more of glacial till. 
Early analyses indicated that the gypsum contains less than 1 percent 
impurities (Keyes, 1893). One representative analysis is given in Table 
3.1 and illustrates the homogeneity of the gypsum in a vertical section. 
More recent analyses of three samples performed by the United States 
Gypsum Company, Fort Dodge, Iowa, 1978, are reproduced in Table 3.2. 
These particular samples displayed a smaller quantity of calcium sulphate 
Figure 3.1. Fort Dodge, Iowa, vicinity showing the areal distribution of the Fort Dodge gypsum 
deposit and the collection sites of gypsum specimens (l=Natlonal Gypsum Quarry; 2=Celotex 
Corporation Quarry; 3=U.S. Gypsum Quarry; 4=Celotex Corporation Quarry; 5=U.S. Gypsum 
Quarry; 6=U.S. Gypsum Quarry; 7=U.S. Gypsum Quarry; 8=Georgla Pacific Quarry) 
FORT 
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Table 3.1. Chemical analysis of the Fort Dodge gypsum (from Keyes, 1893) 
Top Middle Bottom 
Calcium sulphate 
Water of crystallization 
Total 
78.37% 
20.75% 
99.12% 
78.54% 
20.79% 
99.33% 
78.44% 
20.76% 
99.20% 
Table 3.2. Chemical analyses (weight percent) of three rocks from the Fort 
Dodge gypsum beds. (Analyses performed by personnel of the 
United States Gypsum Company) 
Constituents Sample I Sample II Sample III 
CaO 32.48 32.30 32.20 
SO3 43.30 44.30 44.60 
MgO .05 .13 .12 
SiOg .49 1.58 1.43 
FeO .03 .11 .11 
AI2O3 .09 .32 .28 
CO2 .43 .56 .50 
Free H^ O .06 .02 less than .01 
Combined H^ O 18.80 19.00 19.30 
LOI 1.73 1.50 1.30 
Water soluble salts I II & III 
Mg 
Na 
K 
CI 
60 ppm 
14 ppm 
30 ppm 
80 ppm 
16 ppm 
23 ppm 
34 ppm 
54 ppm 
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minerals than Patrick's analyses, though not appreciably smaller so as to 
refute the original contentions of an extremely pure deposit. Two points 
that are obvious from these three analyses are the purity of the samples 
with respect to gypsum and the scarcity of attendent salts in all samples. 
2. Trace element analyses 
To determine the nature of the laminations in the Fort Dodge Gypsum, 
two quantitative chemical analysis techniques (X-ray fluorescence and 
atomic absorption) and one qualitative method (emission spectroscopy) were 
performed on samples from four locations. 
Two couplets (i.e., four laminae) were randomly selected from rock 
specimens at three levels from each of four quarries (Quarries 1, 3, 4, 
and 5) to be examined using DC-arc emission spectroscopy. The elements 
detected were similar in all rocks and in both light and dark laminations. 
With the exception of zinc and lead in the base of Quarry 1, the following 
elements were detected in all 12 specimens: Carbon, Silicon, Potassium, 
Sodium, Aluminum, Strontium, Iron, Magnesium, Manganese, Titanium, and 
Rubidium. Quantitative analyses were performed on the rock samples from 
the same four locations, and the results are reported in Appendix A. In 
interpreting these chemical analyses, one must bear in mind the lateral 
change in trace mineral composition over a very short distance. From one 
lamination couplet to the next, the accessory components of the gypsum may 
change significantly. For this reason, the data reported in Appendix A are 
average values for several samples. 
Dean and Tung (1974) have compiled data from several anhydrite and 
gypsum deposits, and their data are shown in Table 3.3 . Because of the 
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Table 3.3. Major concentrations of Sr, Mg, Na, K, Mn, and Fe in calcium 
sulphate samples. (All concentrations are in parts per million 
(ppm) ) 
Formation (Age) Sr Mg Na K Mn Fe 
Previous Work (Summarized by Dean and Tung, 1974) 
Supai (Permian) 
Mean (N=80) 
Standard deviation 
1358 
+1184 
6586 
+8052 
1626 
+1300 
348 
+198 
45 
+67 
481 
+484 
Castile (Permian)^  
Mean (N=510) 
Standard deviation 
1107 
+675 
3713 
+2679 
280 
+2679 
15 
+17 
Salado (Permian)^  614 615 1500 322 8 68 
Salado (Permian)*^  740 59100 13100 750 93 84 
Todilto (Triassic)^  
Mean (N=2) 1323 1205 1180 170 18 612 
Zechstein (Permian)^  660 2460 1240 560 12 320 
Yates (Permian)® 1220 1660 1240 289 9 142 
Windsor (Triassic)^  833 115 1370 245 9 20 
Paradox (Pennsylvanian)^  590 14253 1380 575 138 1388 
S^upai Formation, eastern Arizona. 
Means for Castile-Lower Salado varved evaporite sequence, Delaware 
Basin, Texas (Dean and Anderson, 1974). 
Q 
Union Anhydrite Member, Salado Formation, New Mexico. 
C^owden Anhydrite Member, Salado Formation, New Mexico (Moore, 1960). 
e^an of three gypsum samples from the Todilto Member, Morrison Forma­
tion, central New Mexico. 
f 
Anhydrite from Zechstein Formation, North Sea. 
A^nhydrite, Yates Formation, west Texas. 
A^nhydrite and gypsum, Windsor Formation, Nova Scotia. 
P^aradox Member, Hermosa Formation, southern Utah. 
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Table 3.3. (continued) 
Formation (Age) Sr Mg Na K Mn Fe 
Paradox (Pennsylvanian)^  540 18300 670 1700 150 10300 
Kaibab (Permian)^  750 112 1080 220 8 12 
Blaine (Permian)^  100 437 1150 199 10 195 
Blaine (Permian)™ 838 1300 1120 220 75 60 
Briggs (Permian)^  635 1410 1330 160 7 88 
Present Study 
Fort Dodge Gypsum (Jurassic)° 
Mean (N=72) 355 1010 1085 723 80 555 
P^aradox Member, Hermosa Formation, Delhi-Taylor No. 8 well, Utah 
(Moore, 1960). 
Anhydrite, Kaibab Formation, central Arizona. 
G^ypsum, Blaine Formation, west Texas. 
™Gypsum, Blaine Formation, west Texas. 
'^ Gypsum, Briggs Formation, west Texas. 
°Mean values from the Fort Dodge Gypsum, Webster County, Iowa. 
wide range in chemical composition among evaporite deposits, it is diffi­
cult to make significant comparisons. The sodium values, for example, have 
ranges from 280 to 13,100 ppm, and even the lowest value has a standard 
deviation of 2,679 ppm. 
The potassium content in the Fort Dodge Gypsum determined by the 
writer is considerably higher than that determined by the U.S. Gypsum 
Company (Table 3.2). Potassium content of the dark lamination in a given 
couplet in the gypsum is approximately twice that in an accompanying light 
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lamination. This generalization holds for all tested samples except lA, 
where white laminations are obscured by the prominence of dark zones. In 
fact, lA approaches a massive texture as opposed to the characteristic 
banded texture of the beds. 
Although the strontium content also varies between a light and dark 
lamination in a given couplet, the variation is irregular. In some cases, 
the dark laminations have more strontium, while in other couplets the white 
lamination has more. Strontium decreases in concentration from the base 
upward in a vertical section. In one case, however, this pattern is 
broken. IB contains a higher strontium concentration than the lowermost 
specimen. 
The aluminum, iron, and magnesium concentrations in the dark lamina­
tions are also considerably higher than their counterparts in the light 
laminations. The iron concentration is approximately two to three times 
higher in the dark laminations. The manganese, on the other hand, is only 
slightly higher in the dark laminations. 
The potassium concentrations in Fort Dodge are significantly higher 
than other evaporites listed in Table 3.3, particularly in the dark 
laminations. It will be shown later that most of the potassium in Fort 
Dodge is associated with detrital clay rather than an evaporite constituent. 
The magnesium concentration in the Fort Dodge gypsum approximates the lower 
limit of magnesium in Table 3.3 in the white laminations, whereas that in 
the dark laminations approximates the respective intermediate range. 
Strontium, in both the light and dark laminations, approximates the lower 
limits of Table 3.3. In most cases, the sodium and magnesium concentrations 
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of Table 3.3 are the highest, followed, respectively, by strontium, iron, 
and manganese. In the Fort Dodge gypsum, the order of abundance is magne­
sium, sodium, potassium, iron, strontium, and manganese. 
3. Relationship of accessory minerals to chemical composition 
Accessory minerals comprise a very small part of the Fort Dodge Beds, 
but they account for the chemical characteristics quite well. 
The comparatively high silicon content of the gypsum is accounted for 
by abundant quartz sand grains which occur ubiquitously in the gypsum and 
are easily detected by XRD. Quartz sand grains contribute substantially to 
the color in the gypsum because of their relative abundance and size. 
Yellow sand grains measure 1/2 mm to 1 mm in diameter. Much smaller red 
sand grains are less than 1/2 mm in diameter. 
The only other mineral that is easily detectable by XRD is illite. 
The higher potassium and aluminum contents of the dark laminations as 
compared to the light laminations probably arise from the high concentra­
tion of these clays. 
Carbonates form the only other abundant and easily distinguishable 
minerals in the gypsum. Dolomite and calcite rombohedra can be seen in 
thin section (Plate IB), though because of their small concentrations, their 
XRD peaks are not distinguishable. The distinction between calcite and 
dolomite was made using staining techniques (Wame, 1962). Though calcite 
is far more abundant than dolomite, the relatively high magnesium content 
of the dark laminations is caused by dolomite and is possibly amplified by 
magnesium substitution for aluminum in illite. Accounting for the iron in 
the gypsum is difficult because of the absence of any easily detectable 
iron-bearing minerals. Perhaps iron is present in dolomite or in the 
illite or in an iron-rich mineral occurring in amounts too small to be 
detected by thin section study or by XRD. Hematite staining in sand grains 
may account for some of the iron, but such staining does not occur ubiqui­
tously. 
X-ray powder diffraction was performed on several clays in the Fort 
Dodge area to compare the clay mineral assemblages in associated lithologie 
bodies. XRD analyses of the Pennsylvanian shales beneath the Fort Dodge 
Gypsum show a clay assemblage distinct from the overlying gypsum. Using 
standard XRD techniques for clay minerals (Carroll, 1970), kaolinite and 
mixed layer illite peaks were identified. 
Clay from three levels within the Fort Dodge gypsum body was examined. 
Several specimens were taken from the residual clay layer at the base of 
the gypsum body and from several rocks collected from the mid-section and 
the top of the body at Quarry 3. The XRD pattern for all of these clays 
was identical. Illite is the only clay mineral present within the gypsum 
itself. 
XRD was performed on Soldier Creek clays collected from Quarry 3 and 
at a gypsum exposure near the confluence of the Des Moines River and 
Soldier Creek. These patterns displayed kaolinite and illite peaks. Such 
an assemblage suggests that the Soldier Creek shales are stratigraphically 
and mineralogically separable from the Fort Dodge Gypsum. 
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B. Petrologic Features of the Fort Dodge Gypsum: 
Macroscopic Description 
1. The laminations 
The laminations in the Fort Dodge gypsum give the rock a banded 
appearance similar to many other calcium sulphate deposits in the world. 
So far in this report, reference made to the laminations imply that these 
bands are alternating white and gray (or light and dark colored) bands. 
Actually the coloring of the bands varies from gray, yellow, red, or blue to 
white. Most of the colors are seen only with close scrutiny because the 
white and gray bands overshadow the other colors. 
Typically the white laminations end abruptly at a demarcation beyond 
which the rock is gray. Often the demarcation is marked by a thin colored 
rim (usually yellow or reddish). In some cases, a white lamination may 
have a red or yellow cast to it. Definite contrasts in color always exist 
along the demarcation between a light and dark lamination. 
The gray or blue color in the dark laminations is a large-scale 
feature, and in thin section it does not exist at all. What is seen in 
thin section are very thin stringers of accessory minerals or clay many 
times thinner than the gray megascopic laminations. In some cases, a gray 
lamination may be composed of one thin line of impurities, but typically it 
is made up of three, four, or more lines. In other cases, these thin lines 
are not present; instead, randomly disseminated clay clusters and sand occur 
within the lamination. This random scattering also occurs where the red 
and yellow laminations rim the darker laminations. The red laminations are 
often caused by iron-coated quartz sand grains disseminated throughout a 
region of white gypsum. The gray or blue color in the dark laminations is 
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considered to be a product of the variable scattering of light by the thin 
stringers and erratic occurrence of impurities. 
In many cases the bands are alternating dark layers of differing 
shades or alternating shades of light-colored laminations. The relative 
thicknesses of the dark and light laminations vary continually both verti­
cally and horizontally. A specimen collected at Quarry 5 has white 
laminations which are thicker than the dark laminations, but one white 
lamination may be considerably thicker than the next (Plate 2A) . For 
example, one couplet in the center of the polished section has a white 
lamination measuring approximately 5 mm thick, while the larger white 
lamination in the adjacent couplet measures 1 1/2 cm. Note that the 
thicker white lamination continually thickens from one side of the specimen 
to the other. The same phenomenon can be observed on a polished surface at 
right angles to the one just described. In three dimensions, the actual 
attitude of a dark or light lamination surface is an undulating irregular 
surface. A similar specimen collected from Quarry 3 exhibits alternating 
couplets with laminations varying from 1 mm to 7 mm in thickness (Plate 2B). 
In the field, these laminations vary in thickness laterally, indicating 
that megascopic examination of the rocks does not adequately describe the 
true nature of the laminations. 
In some cases, it is appropriate to refer to color domains. Though 
banding is always obvious, alternating bands may vary in color only within 
narrow limits, white laminations often being absent. This becomes particu­
larly obvious in a polished section, when the fresh unpolished surface 
appears to be of massive texture. A polished section collected from 
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Quarry 8 is predominantly blue-gray, but two color domains can be distin­
guished (Plate 3)• Besides the blue-gray domain, a light gray to buff-
white domain is discernible. 
This specimen has two sets of banding in the blue-gray domain sepa­
rated by a white domain near the top of the rock. Two other white domains 
occur in the center and at the bottom of the rock. It is difficult to 
determine which band in the top white domain marks the demarcation because 
the colors of the white domain grade into the blue-gray domain, becoming 
less white away from the center. In one direction, the white grades into a 
light yellow-brown layer forming a high amplitude crenulating surface with 
the adjacent blue-gray region. 
These high amplitude crenulations may be interpreted as enterolithic 
folds, though the writer does not believe they exhibit the contorted fabric 
of such folds. If one accepts these structures as enterolithic folds, the 
possibility of an anhydrite phase may be implied. West (1979) associates 
enterolithic veins with expansion of calcium sulphate crystals which 
displace carbonate and clay as they enlarge. Though several researchers 
relate enterolithic structures with an anhydrite phase (Shearman, 1966; 
Holliday, 1965; Dean et al., 1975), West (1979) writes, "Crystal growth was 
presumably the mechanism, although whether initially as anhydrite or as 
gypsum is a problem." 
The yellow-brown color occurs in bands in at least five places in the 
blue-gray domains. With the yellow-brown bands, accompanying white gypsum 
is also present. The white gypsum does not always form a continuous 
band but can occur above the yellow-brown band, beneath it, or within 
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it. Another band of white gypsum appears within the center blue-gray 
domain, but its thickness is too small to clearly separate it from the 
blue-gray domain. A yellow-brown band cannot be definitely associated with 
this white band, within the blue-gray domain. Close examination indicates 
that it is not as pure white as the other larger (yellow-brown association) 
white band, and no high amplitude undulations can be detected. The color 
has a gray hue, and the adjacent surfaces are smoothly undulating. The 
amplitudes of these undulations are much smaller than the previously 
described crenulations. 
Large transparent and opaque crystals of gypsum commonly grow along 
lines of demarcation between bands. Often these occur as lines of irregu­
larly spaced crystals parallel to the lamination boundaries. Generally, 
these large crystals are truncated by the demarcation, but in some cases, a 
crystal grows through a lamination boundary. 
When a rock is described with regard to color domains rather than 
laminations, the most convenient demarcation between domains is determined 
by selecting the first band with a blue hue as one moves perpendicular to 
bedding from the center of the white domain. In Plate 3, one domain 
boundary is formed by the line where a yellow-brown band meets a blue-gray 
band. The other boundary is formed where a gray band meets a blue-gray 
band. This method is arbitrary and subjective, but it lends organization 
to the description of a specimen. 
2. Nodular gypsum 
Sporadically disseminated throughout the Fort Dodge gypsum beds are 
large and small white aggregates of gypsum crystals, known to local quarry 
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workers as "sugar rock." These aggregates, called nodules, occur singly or 
in close association with other nodules parallel to bedding (Plate 4A). 
These nodules are strikingly similar to anhydrite nodules described by 
Shearman (1978). 
Anhydrite nodules tend to be initiated in layers or courses sub-
parallel to bedding. As the individual nodules increase in size, 
they ultimately coalesce and mutually interfere. The host sedi­
ment is pushed aside and that which remains forms chin stringers 
between the nodules, giving rise to the so-called "chicken-wire" 
structure. 
If it were not for the fact that Shearman is describing anhydrite, one 
could easily mistake this description for the Fort Dodge gypsum nodules. 
Other researchers (Bosellini and Hardie, 1973; Holliday, 1965; Hardie 
and Eugster, 1971; West et al., 1979; Shearman and Orti-Cabo, 1976) have 
reported gypsum nodules in ancient and modem settings from various parts 
of the world. Shearman (1966) and West (1979) argue that nodular anhydrite 
formed penecontemporaneously with deposition. Shearman has suggested that 
these nodules are primary anhydrite, often growing in a gypsum host. Other 
researchers believe that the anhydrite is secondary, and nodular anhydrite 
developed from the growth of gypsum by displacement of host sediment and 
subsequent dehydration (Murray, 1964). West et al. (1979) have reported 
the growth of gypsum nodules in a modern sabkha. 
Quite common in the Fort Dodge gypsum are extremely large nodules, such 
as the one shown in Plate 4B. Ridules 1/2' in diameter are not rare, and 
a nodule 3 ' in diameter has been retrieved by workers from Quarry 3. It is 
possible that these are actually multitudes of single gypsum nodules which 
have coalesced, though the sediments which would give the spherical outlines 
of "chicken-wire" structures are absent. 
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3. Satin spar 
The euhedral variety of gypsum known as satin spar occurs abundantly 
throughout the Fort Dodge gypsum (Plate 5A). These satin spar crystals are 
considered to be secondary gypsum. Though the process is not well-
understood, it is known that crystals subjected to hydrostatic stress after 
deformation often exhibit strong preferred orientation (Hobbs, 1968; Green, 
1967; Griggs et al., 1960; Ferriera and Turner, 1964; Heard, 1963; 
Sylvester and Christie, 1968; Kamb, 1959; Savage et al., 1965; Barrett and 
Massalski, 1966; Savage and Aronson, 1966; Ransom, 1971). Such preferred 
orientation is strongly evident in the fibrous aggregates of gypsum crys­
tals (elongated parallel to the c-crystallographic axis) known as satin 
spar. 
Richardson (1920) attributed formation of satin spar veins to deposi­
tion of gypsum from solutions circulating in open channels. Growth takes 
place simultaneously from the upper and lower walls of the channel. 
Holliday (1970) and Massop and Shearman (1973) suggest that satin spar 
may result when charged groundwater or pore waters are injected into 
fractures. Buckley (1951) believed that solutions saturated with calcium 
sulphate move through channels by capillary attraction. When gypsum 
nucleates in these fractures, the crystals grow, creating a stress which 
results in preferred orientation. In the Fort Dodge gypsum, such fractures 
appear to have developed along lamination partings, and the satin spar 
occurs in veins parallel to bedding with the long axes of the crystals 
oriented perpendicular to bedding. 
Shearman et al. (1972) attribute formation of secondary veins of satin 
spar to the removal of confining pressure on anhydrite rocks and subsequent 
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filling of resultant fractures by satin spar. They believe the satin spar 
vein-filling resulted from the additional volume of gypsum produced by 
hydration of anhydrite. The gypsum precipitated from static or very slow 
moving vein water which did not permit migration of calcium and sulphate 
ions away from the vein. 
Alteration of anhydrite to gypsum involves an increase in volume of 
30 percent to 50 percent (Pettijohn, 1949). A 7 percent decrease in volume 
follows the completion of the reaction (Bundy, 1956). Bundy believes that 
space for growth of gypsum veins is made by directional crystal growth 
exerting a force normal to the vein walls. 
Veins of satin spar as thick as 3 cm are found in the top of the Fort 
Dodge Gypsum sequence. These crystals show evidence of having grown from 
the top and bottom of a solution channel. Veins of micro-satin spar 
(less than 1/2 cm thick) are common at all levels. Micro-satin spar does 
not show evidence of dual directional crystal growth. It is believed that 
the origin of micro-satin spar may be different from that of the coarser 
variety• 
C. Petrologic Features of the Fort Dodge Gypsum: 
Microscopic Description 
1. Major crystal varieties 
The Fort Dodge gypsum beds in their present state represent a body of 
evaporites that was subjected to diagenesis some time after deposition. 
The beds are almost totally altered so that little if any evidence of 
primary textures exists. In thin section, the gypsum appears to be almost 
totally recrystallized, and it has a granoblastic appearance. 
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Three varieties of gypsum crystals occur ubiquitously throughout the 
Fort Dodge Beds. These are medium- to coarse-grained euhedral crystals, 
coarse-grained anhedral crystals, and fine-grained microcrystalline gypsum. 
a. Microcrystalline gypsum Microcrystalline gypsum occurs as a 
matrix containing larger crystals and impurities. Each crystal typically 
measures 100 to 250 microns in diameter, and its crystal boundaries can be 
distinguished only under high magnification (>80X). Upon rotation of the 
microscope stage under crossed-polars at low magnification (<50X), extinc­
tion in a region composed of microcrystalline gypsum is not obvious; under 
high magnification, extinction of discrete randomly oriented crystals can 
be observed. The microcrystalline gypsum is coarser than alabaster, a 
microcrystalline variety of gypsum that does not exhibit observable extinc­
tion of discrete grains (Holliday, 1970). 
b. Euhedral gypsum Large euhedral to subhedral gypsum crystals 
are erratically dispersed through the microcrystalline matrix and occur 
either individually or in clusters. These crystals are less than 1/2 mn to 
1 cm or more in their longest dimension. The median size is 1.6 mm in 
length. They are randomly oriented and often elongated along the 
c-crystallographic axis. 
A characteristic of these crystals is their high relief when viewed in 
thin section, which contrasts with that of the large anhedral crystals. 
This is due to the small amount of impurities occurring within many 
euhedral grains as compared to the anhedral grains. Crystal boundaries of 
the euhedral grains are linear, and the crystals exhibit perfect inter-
facial angles and 010 cleavage. Often cleavage striations can be seen 
on the crystal faces. 
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c. Anhedral gypsum Large anhedral crystals of gypsum are second 
in volume to microcrystalline gypsum. Anhedral crystals occur either in 
clusters of interlocking crystals that give the rock a jigsaw puzzle 
texture or as individuals within a matrix of microcrystalline gypsum. The 
anhedral grains have a dull luster and irregular boundaries which contrast 
with the high relief and smooth faces of the euhedral grains. In size, 
however, the anhedral grains are usually much larger than the euhedral 
grains, with their longest dimensions ranging from less than a few milli­
meters to 2 cm. Their median size is .7 cm. 
Plate 5B shows a large anhedral crystal with a clay layer inclusion. 
Notice that the clay layer is continuous with the clay layer outside the 
crystal boundary. Plate 6A shows interdigitation between a large anhedral 
grain and the adjacent microcrystalline gypsum. This grain has sand and 
clay inclusions. 
The possibility is suggested that the large anhedral grains are actu­
ally secondary gypsum that formed by recrystallization of microcrystalline 
gypsum. DeVore (1959) studied recrystallization with reference to meta-
morphism, but his conclusions may also apply to diagenetic textures. He 
concluded that with increasing metamorphism, the greater surface energy, 
and therefore higher solubility, of smaller grains results in excess free 
energy which "tends to drive recrystallization to the more stable coarser 
grain size" (Hyndman, 1972; DeVore, 1959). For a more detailed discussion 
of recrystallization, see Appendix B. 
The three gypsum crystal varieties may actually represent three 
discrete phases of recrystallization—unrecrystallized gypsum, first-stage 
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(primary) recrystallization, and second-stage recrystallization. Unrecrys-
tallized gypsum crystals are euhedral to subhedral grains. These grains 
occur in either the strained or unstrained state. In some cases, undula-
tory extinction (a manifestation of strain) may be observed in gypsum 
crystals. First-stage recrystallization is represented by the micro-
crystalline gypsum, which is simply a fine aggregate of gypsum grains which 
are by-products of recovery in strained crystals. Second-stage recrystal­
lization is evident in the presence of large interlocking anhedral grains. 
Although euhedral gypsum crystals may be unrecrystallized gypsum, 
certain evidence suggests some may be recrystallized. Plate 9A shows a 
euhedral grain with small clay inclusions scattered throughout the crystal. 
Such a case may be expected from primary gypsum that crystallized rapidly 
and incorporated impurities within its boundaries as it grew. Plate ISA, 
on the other hand, shows a relatively clean euhedra in a microcrystalline 
gypsum matrix. Note the impurities that appear to be clustered along the 
boundary on the right-hand side of the crystal. Such a phenomenon often 
occurs in crystals that have recrystallized slowly, adsorbing impurities 
and concentrating them along crystal boundaries. Zonation, outlining 
former crystal boundaries, is often evident in these types of crystals. In 
Plate 16A, there is a subspherical outline around the perimeter of the 
euhedra. This outline may mark a new crystal boundary that is transitional 
between the microcrystalline matrix and the euhedron. In most cases, there 
is no way to determine whether such a crystal is primary or secondary. 
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2. Description of the vertical variation in the gypsum beds 
A detailed study of one wall of exposed rock was undertaken along the 
eastern exposure of U.S. Gypsum's North Wells quarry (Quarry 3, Map 3.1). 
At this section, the overburden had recently been removed so that fresh 
exposures were available (Plate 6B). The phase of the research to be 
described in this section involved arbitrarily selecting four lamination 
couplets at different depths in the gypsum body and preparing thin sections 
from these couplets at 5' intervals along the exposed wall. (The selection 
of 5' as the length of each interval was arbitrary.) Plate 7 shows the 
location of couplets within the gypsum mass along a face where they can be 
seen with relative clarity. All couplets were traceable laterally along 
the entire length of the wall (approximately 250'). The thickness of the 
beds in this area was approximately 21'. 
a. Topmost sequence of the gypsum The upper 1' of the gypsum 
exposure is characterized by light-colored gypsum laminations separated by 
clay layers. The clay layers in this portion of the wall are thicker than 
in the lower portions. In the lower portions, the clay layers average less 
than 1/2 mm, whereas in the top foot the clay layers average 2 mm and in 
some places become as thick as 4 mm to 5 mm. 
Plate 8A is a composite picture showing a rock specimen before and 
after it was heated to 200°C to dehydrate it. Such a procedure, which 
converts the gypsum to anhydrite, highlights the presence of the clay 
layers. Note that the clay layers that stand out after the specimen was 
heated are considerably narrower than the laminations present before 
heating. 
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One thick white lamination near the top of the quarry wall measures 
3 cm in thickness. This lamination does not thin or thicken laterally 
but maintains a constant thickness along the entire length of the 
exposure. 
Thin sections show this lamination to be composed almost entirely 
of anhedral interlocking gypsum crystals (Plate 8B) which occasionally 
grow around a subhedral selenite lath on four sides (Plate 9A). Plates 
9B and lOA from the same thin section show that this phenomenon is common. 
Exceptions to the interlocking anhedral gypsum crystals are rare 
euhedral gypsum laths alluded to in the previous paragraph. In several 
parts of the same thin section, preferred orientation is exhibited by 
micro-satin spar where crystals are elongated parallel to the 
c-crystallographic axis. Such orientation is apparent throughout the 
entire thin section. In one place, the crystals are slightly curved along 
their longest dimension, and the effect resembles a rib cage, particularly 
when, the stage is rotated under crossed-polars (Plate lOB). It is believed 
that bending is a manifestation of shear, recording movement of channel 
walls (Taber, 1918) or vertical force from external load (Richardson, 
1920). 
Impurities besides clay can be observed in portions of this rock. In 
some places, the rock at the top of the quarry is red. The source of this 
coloration is apparent in thin section and is due to small hematite-coated 
quartz sand grains (Plate llA). In other locations in the quarry, sand 
grains account for more than 10 percent by volume of the rock. 
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A change in fabric occurs in the laminations above the thick white 
laminations just described. The white laminations in this next higher 
couplet are approximately 2 cm thick and are composed of large tabular 
satin spar crystals 1 cm in length with their long axes perpendicular 
to bedding (Plate IIB). These crystals are consistently stacked in 
pairs to form tiers between two clay layers. The stacking effect is more 
obvious in thin section (Plate 12A). Note the impurities that are present 
throughout the lamination. In the center of the lamination, there is a 
faint lineation which runs along its length, separating the two crystals of 
each sublamina. Richardson (1920) called such a lineation the "central 
parting" observed in gypsum in Nottinghamshire, England. The base of the 
upper crystal interlocks with the top of the lower crystal. These often 
grow as long leaf-shaped crystals elongated parallel to (001), which taper 
from the base forming an apex at the top (Plate 12B). Inhere two apices 
divert and grow away from each other, another crystal grows in the space 
between. This fabric differs from the stacked columns of other places, but 
the net effect of tiers between clay layers still persists. The lineation 
between subcolumns in the stacked crystals is marked by an extremely thin, 
obscure layer of clay. Wherever a subcolumn commences growth, there is at 
least a hint of clay, whereas growth of leaf-shaped crystals of selenite 
does not exhibit any apparent generic relationship with a clay layer. 
Where crystal subcolumns abut in the center of a lamination (Plate 
13A) , the crystals interlock, but the boundaries are distinct, giving no 
suggestion of replacement of one crystal by the other. The crystals are 
relatively clean but occasionally contain intercrystalline inclusions. As 
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in the thick white lamination above, though not as commonly, large anhedral 
grains grow around tabular crystals. 
Following the same lamination northward along the quarry wall, the 
tiers of double crystals become tiers of triple crystals. These lamina­
tions are also thicker (approximately 1.5 cm thick) than the two tier 
laminations. Still farther laterally, individual euhedral crystals are not 
so well-defined. Large interlocking anhedral grains become more common. 
In regions where two clay layers are closely spaced, thin layers of 
micro-satin spar (1 mm thick) often occur. The satin spar consists of 
elongate tabular crystals with their c-axes normal to bedding (Plate 13B). 
The overall texture of these satin spar crystals does not resemble the 
large satin spar crystals previously described, in that these are much 
narrower. Plate 14 illustrates the distinction between micro-satin spar 
and adjacent thicker satin spar with broader crystals separated by a dark 
clay layer. 
The dark laminations in the top 1' of the quarry wall exhibit charac­
teristics unique to themselves in this rock. They are composed largely of 
clay, but each layer also contains abundant gypsum crystals. The quantity 
of gypsum in the dark layers varies considerably from one place to another. 
A dark lamination adjacent to a satin spar vein is composed primarily of 
granular gypsum that has grown between thin clay stringers stretched out 
parallel to bedding. The thickness of this dark lamination is 5 mm, and 
the diameter of a typical gypsum grain is 1 1/2 to 2 mm (Plate 15A). 
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The dominant feature of the topmost segment of the gypsum is the 
occurrence of thick layers of satin spar. These crystals are oriented with 
their c-crystallographic axes perpendicular to bedding, and they may be 
stacked in columns of two or three gypsum crystals. Similar crystals are 
not found deeper in the gypsum body, but thinner satin spar veins occur at 
all levels. Large int 
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The dominant feature of the topmost segment of the gypsum is the 
occurrence of thick layers of satin spar. These crystals are oriented with 
their c-crystallographic axes perpendicular to bedding, and they may be 
stacked in columns of two or three gypsum crystals. Similar crystals are 
not found deeper in the gypsum body, but thinner satin spar veins occur at 
all levels. Large interlocking anhedral grains also occur throughout the 
gypsum, though not nearly as commonly as euhedral gypsum. Only in the 
topmost segment can one observe thick clay layers. Deeper in the gypsum 
body, the clay is compressed into narrow bands or stringers. In thin 
section, one is able to clearly distinguish calcite and quartz in the clay 
layers. 
b. Middle sequence of the gypsum Farther down in the exposed 
quarry wall (Couplet B, Plate 7), the microscopic scale distinction between 
the light and dark laminations is less obvious than in the overlying rock. 
Except for the presence of thin clay stringers, the demarcation is barely 
visible, and only subtle differences between light and dark laminations 
can be observed in thin section. 
Plate 15B is a thin section from a couplet 9 ' from the top of the 
quarry wall. This section appears to be a homogeneous aggregate of finelv 
crystalline gypsum. Upon close inspection, an extremely thin clay layer 
can be seen winding through the center of the section. Even under higher 
magnification, the clay layer is barely visible. Once the clay layer is 
distinguished, it can be traced across the whole thin section from one side 
to the other. 
In hand specimen, this rock is composed of a 5 mm thick white lamina­
tion sandwiched between two dark laminations. In thin section, the white 
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lamination consists chiefly of fine-grained gypsum crystals (microcrystal-
line gypsum). There are a few large euhedral gypsum crystals scattered 
throughout the lamination (Plate 16A). The longest diameter of the crystal 
in Plate 16A measures 1.5 mm. 
In hand specimen, the dark laminations average several millimeters in 
thickness (Plate 16B), but thin sections of the same laminations show clay 
layers averaging .1 to .3 mm in thickness. Throughout the dark lamination, 
there are also isolated clusters of clay not associated with a continuous 
clay layer (Plate 17A). 
A transition in the gypsum fabric occurs between light and dark lami­
nations. Large subhedral gypsum crystals become more abundant in the dark 
zone. In the white domain, large subhedral gypsum crystals account for 
less than 5 percent of the volume. The bulk of the white zone is micro-
crystalline gypsum. In the dark domain, these subhedral crystals account 
for about 25 percent of the volume (Plate 17B). Attributing 1 percent of 
the volume of this lamination to the clay, a micro-crystalline gypsum 
matrix accounts for 74 percent of the lamination. One gypsum crystal, 
measuring 1.2 mm in length, displays interpénétration of an anhedron by the 
fine-grained matrix (Plate ISA). 
Extremely rare in this rock are large anhedral gypsum crystals 
(Plate 18B). The anhedral crystals are present only in the dark lamina­
tion and account for a small part of the volume. 
Moving 5' northward along the same dark-light couplet, the relative 
abundance of coarse gypsum crystals (euhedral and anhedral) decreases 
noticeably. The bulk of the rock here is composed of microcrystalline 
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gypsum (Plate 19A) or alabaster, in which discrete crystals can scarcely be 
seen even under high power magnification. The absence of coarse crystals 
is not characteristic of either the light or dark domain because coarse 
anhedra are not completely absent from the rock, as shown in Plate 19B. 
Large euhedral crystals also occur within both domains, such as the one in 
Plate 20A. This is a clean crystal, void of inclusions, which exhibits 
perfect cleavage and precise interfacial angles of gypsum and measures 
1.5 mm in length. 
The clay stringers occur chiefly in two different modes. One mode, 
which is common along demarcations and within the dark domains, is a 
narrow lineation approximately .1 to .3 mm thick parallel to bedding (Plate 
20B). Though the stringer may bend or wind to a minor degree, the general 
trend is linear. The other mode is one in which the clay stringer forms 
the approximate circumference of a circle or semi-circle (Plate 21A). It 
may be that the clay stringer in both modes originally resembled the thick 
clay layers occurring in the top foot of the quarry wall and that 
diagenetic growth of gypsum crystals within the clay compressed the layers 
into thin stringers. The circular to semi-circular patterns may be out­
lines of microscopic gypsum nodules within the clay which have coalesced 
into a continuous lamination forming a texture known as "net structure." 
The accumulation of gypsum and later overburden have probably also contrib­
uted to compression of clay layers. 
West (1979) observed "net structure" in the Purbeck Formation of 
southern England, which is also a Jurassic evaporite deposit. He concluded 
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that this feature is an early pre-burial compaction feature. The descrip­
tion he gives is similar to what may have occurred in Fort Dodge. 
Net-texture was probably fixed in position during the compaction 
and crystal growth of the initial sediment of small lenticular 
crystals of gypsum. This seems to have been converted into 
anhedral gypsum with reduced porosity; the carbonate and clay 
films between the crystals form the net-texture. 
Evidence of abundant lenticular gypsum crystals in the Fort Dodge beds, 
however, is not found. 
Five feet northward along the quarry wall, the same couplet changes 
character. In one sample, the laminations are composed predominantly of 
microcrystalline gypsum. The proportion of coarse crystals is the smallest 
yet encountered in this couplet. Plate 2IB shows a typical subhedral 
gypsum crystal from this couplet. Note the contrast between this crystal 
and the large anhedral crystals around it. One small protrusion from the 
subhedral crystal extends into the adjacent anhedral crystal. Here one can 
observe replacement of the subhedral crystal by the anhedron. The 
anhedral gypsum may be growing by accretion of the subhedral crystal. The 
crystal boundary between, the two crystals is quite irregular, as are the 
boundaries between various anhedral crystals. 
Anhedral crystals are second in abundance to microcrystalline gypsum. 
Because they escape detection so effectively, one may underestimate their 
relative proportion. The easiest way to detect them is to rotate the 
microscope stage under crossed-polars and observe regions of common extinc­
tion. Microcrystalline gypsum accounts for most of the rock. 
The hand specimen from which this thin section was made clearly 
exhibits a light domain with a contrasting dark domain. In thin section. 
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however, there is no clay layer to which the dark coloration may be 
attributed. The dark domain is marked by the perseverance of microcrystal-
line gypsum and anhedral gypsum. The light domain shows evidence of 
preferred orientation of elongated crystals (Plate 22A), though such 
orientation is obscure. As in other cases, the orientation is perpendicu­
lar to bedding. 
Plate 22B shows a large euhedral gypsum crystal with several re-entrant 
angles along the crystal perimeter- The re-entrant angles are equidimen-
sional triangular facets. Though it cannot be captured in a photograph, 
the long dagger-shaped crystal in this photograph exhibits undulatory 
extinction indicating crystal strain. 
Another thin section from a sample collected 5* farther north along 
the couplet is void of microcrystalline gypsum. The rock is composed of 
large interlocking anhedral gypsum grains (Plate 23A). Occasionally one 
may observe a small euhedral crystal (Plate 23B), but these are sparsely 
distributed and smaller than the anhedral crystals. 
The significant feature of this thin section is that the white member 
of the couplet is reduced to a minimum, and the dark lamination has 
thickened considerably. Viewed in transmitted light, large clumps of clay 
and carbonate can be seen cluttering the thin section (Plate 24A). The 
impurities are sporadically scattered throughout the dark lamination, but 
in some cases, they appear to be elongated parallel to bedding. 
Plate 24B shows the interlocking texture of the large anhedral grains. 
The crystal on the left side of the field measures 5 1/2 mm in its longest 
direction. Interpénétration and interdigitation can be observed along 
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boundaries with adjacent crystals. As two crystals came into contact, one 
impinged upon the territory of the other, and interdigitation occurred. 
Also, within the crystal there is a large inclusion around which the 
crystal has grown (Plate 24B). Since large anhedral crystals are so common 
in the Fort Dodge gypsum, one may infer that the formation has undergone 
considerable recrystallization-
One may again observe a phenomenon seen in the upper part of the 
gypsum wall. Plate 25A is a photograph of a row of satin spar crystals 
oriented with their long axes perpendicular to bedding. The crystals are 
sandwiched between two clay stringers strung out parallel to bedding. 
Crystal orientation marks this portion of the rock as possessing a fabric 
distinct from the surrounding anhedra. The vertically oriented crystals 
are smaller than the anhedra—about half as long. 
Five feet farther north, the white lamination again broadens, but its 
thickness at this point is only .9 cm. The jigsaw puzzle pattern is much 
less pronounced in this specimen. The fabric resembles that of the rocks 
described earlier, where euhedral and anhedral crystals are set in a micro-
crystalline matrix. A subtle distinction between the light and dark 
laminations is in the distribution of large crystals. The euhedra and 
anhedra are less densely spaced in the light lamination, though they are by 
no means absent. The anhedra in the light lamination are, on the average, 
much smaller than those in the dark lamination. Compare Plate 25B from 
within the light lamination to Plate 26A from within the dark lamination. 
Plate 26B, also from the dark lamination, shows several large anhedra set 
in the microcrystalline matrix. In passing from the light toward the dark 
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domain, the anhedra become steadily larger until the fabric resembles the 
jigsaw puzzle pattern (Plate 27A). 
The distinction between the light and dark domains in this specimen is 
always easily drawn by the presence of clay layers that erratically wind 
through the dark domain. 
The light domain is characterized by multitudes of ill-defined 
subhedral gypsum crystals. These crystals are set in a matrix of fine­
grained microcrystalline gypsum common to other samples. The subhedra are 
small crystals, unlike the large euhedra or anhedra of other samples. 
Plate 27B shows one such subhedron set in a fine-grained matrix. 
A strong contrast with the features of the light domain is seen in the 
dark domain in this specimen. The microcrystalline matrix still accounts 
for the bulk of the volume, but large gypsum euhedra are abundant. These 
euhedra average 1.5 mm in length, and some are as long as 4 mm or more 
(Plate 28A). The euhedra are randomly oriented and do not reflect any hint 
of preferred orientation. Even in the light domain, there exists no 
evidence that preferred orientation ever existed. 
Observe that the base of the large euhedron of Plate 28A rests 
precisely on a clay layer. This points to a similar situation noted high 
in the gypsum column. At the top of the gypsum wall, the large selenite 
crystals did not transect a clay layer. This may provide evidence for 
interpreting the euhedral crystals as primary, analogous to the selenite 
tiers. 
Another rare texture in the Fort Dodge gypsum is observable in Plate 
28A. Here one may observe a lens-shaped gypsum crystal referred to some as 
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lenticular gypsum (Cody, 1979; Shearman, 1966) and to others as discoid 
gypsum (Masson, 1955). Cody (1979) has demonstrated that the presence of 
dissolved organic material and alkaline conditions promotes the growth of 
lenticular gypsum. Shearman (1966) associates such crystals with inter-
tidal zones. This issue will be discussed in more detail later. Such 
crystals are clear evidence of primary gypsum in the Fort Dodge Beds. 
Moving farther northward along the couplet, a specimen was selected 
from a portion where both the light and dark laminations thinned. A thin 
section contains three laminations—a yellow-brown lamination, a white 
lamination, and a dark lamination. The white lamination is sandwiched 
between the yellow-brown and the dark one. 
The yellow-brown layer is comprised of thin brown clay stringers 
randomly wandering through a host of interlocking anhedral crystals (Plate 
28B) . The clay in this thin section exhibits the "net structure" observed 
earlier. There are no fine-grained gypsum or anhedral crystals. Beneath 
the yellow-brown lamination is the white lamination, composed of crypto-
crystalline to microcrystalline subindividuals. The dark lamination 
resembles the yellow-brown lamination with two exceptions. First, the clay 
layer of the dark lamination is black rather than yellow-brown. Second, 
though anhedral gypsum is exceedingly abundant in the black layer, a micro-
crystalline matrix accounts for about 50 percent of the volume (Plate 29A) 
of the dark lamination. 
Another couplet lower in the gypsum body (Couplet C, Plate 7) at a 
height of 4' from the base was examined to see if there were any signifi­
cant variations exhibited internally within the gypsum. The region from 
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which the couplet was selected does not exhibit distinct white versus black 
laminations; it is comprised of laminations of varying shades of yellow-
brown to dark gray laminations. 
A broad light domain with a thickness of 1.5 cm is actually made up of 
several laminations ranging in color from light yellow-brown to pure white. 
This domain is bounded on the top and bottom by a dark blue-gray lamination. 
Thin section reveals that the light domain is, in general, composed of 
small subhedral to euhedral gypsum crystals (.2 to .3 mm) and large anhedra 
(.6 to .3 mm) set in a fine-grained gypsum matrix (Plate 29B). The subtle 
change from yellow-brown to white can be partially accounted for by gypsum 
grain size. In the vicinity of the yellow-brown lamination, the rock is 
composed entirely of microcrystalline gypsum (Plate 30A). The white 
gypsum, on the other hand, is marked by a greater abundance of larger 
gypsum grains (Plate 30B). All along the length of the couplet one can 
find large grains (as large as 1 cm or more) that appear pure white in thin 
section. 
On either the top or bottom of the light domain, one crosses 
distinct dark laminations mentioned earlier. The one at the top is .22 mm 
thick. The one on the bottom is much smaller and less distinct. Both show 
obvious clay stringers in thin section. The broader of the two contains 
much more clay than the other. Deeper in the dark domain clay is dissemi­
nated everywhere. No preferred selection of the three predominant crystal 
varieties is exhibited. Euhedral to subhedral gypsum, microcrystalline 
gypsum, and anhedral gypsum are all present (Plate 31A). As in the light 
domain, the dark domains exhibit linear zones of predominantly 
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microcrystalline gypsum. This coincides with vague yellow-brown laminations 
in the middle of the dark domain, 
c. Lowest segment of the gypsum The base of the gypsum is charac­
terized by apparently massive gypsum in which laminations are not as 
obvious as in higher portions (Plate 31B). Polished sections, however, 
show alternating shades of gray and gray-black laminations. The low 
color contrasts give the illusion of massive bedding. Nowhere in the 
lower 1/2' of gypsum are white laminations found. 
One gray lamination studied in thin section displayed a jigsaw puzzle 
texture throughout (Plate 32A). The gypsum in this portion can be 
described as granoblastic. All of the crystals are anhedra (recrystallized 
gypsum) essentially equidimensional, measuring about .6 mm in their longest 
dimension. These crystals often extend continuously through a clay zone 
(Plate 32B). 
Another thin section specimen collected from an area 5' northward from 
the one just described is composed of 90 percent microcrystalline gypsum 
and 10 percent anhedral gypsum. Other portions of the specimen contain 
varying amounts of anhedral, euhedral, and microcrystalline gypsum. The 
microcrystalline gypsum is ubiquitous (Plate 33A). The anhedra 
occur only in close proximity to clay stringers. Occasionally large gypsum 
crystals, comparable in size to the large white crystals higher in the 
body, can be seen in the basal portions. Their pure white color is 
obscured by the abundance of contaminants in the surrounding rock. This 
suggests that extremely large gypsum crystals may contribute to the color 
of white laminations but only when contaminants do not obscure them. 
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Large crystals do not in themselves account for white laminations, but 
large crystals within a white lamination give it a higher degree of 
whiteness. 
Clay occurs almost ubiquitously in the lowest parts of the gypsum 
body in short stringers or small clusters. The evidence suggests that the 
massive texture of the basal gypsum is due to the absence of extremely 
large gypsum crystals and the dissemination of clay. The clay gives the 
rock a dark gray color. Its ubiquitous occurrence may be caused by 
leaching from higher portions of the deposit. Another possibility, though, 
is that the basal gypsum was deposited in muds that were not present later 
as gypsum accumulated. 
Table 3.4 is a summary of the changing textures that occurs vertically 
in the Fort Dodge gypsum beds. 
3. Microscopic study of gypsum nodules 
In the Fort Dodge gypsum, the nodules must be discussed in two 
contexts. In one case, where the nodules occur near the top of the gypsum 
bed (within the top 1' to 3'), one finds the "sugar rock." These nodules 
are actually composed of alabaster (cryptocrystalline gypsum). One such 
gypsum nodule was collected from the top foot of the gypsum at Quarry 3. 
This nodule, with a diameter of 7 cm, has a pink cast characteristic of 
all the rocks in this vicinity (Plate 33B). The specimen was collected 
from a section of the gypsum that had been cleared of overburden. 
In thin section, the nodule boundaries are distinctly marked by a band 
of red quartz sand grains (mean diameter of 7 microns) and clay (Plate 34). 
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Table 3.4. Dominant microscopic features of the Fort Dodge gypsum. The 
various features observed in the gypsum are summarized accord­
ing to the depth in the gypsum exposure where the features 
occurred. The location of the exposure was U.S. Gypsum's North 
Wells quarry (Quarry 3, Map 3.1) 
Segment of exposure Features 
Topmost 1' Thick clay layers (>2 mm) (Plate IIB). 
Laminations composed almost entirely of vertically 
standing gypsum crystals stacked two or three high 
(Plates IIB, 12A, and 13A), 
Interdigitation of one crystal with another along 
the boundary between the upper and lower subcolumns 
in the stacked crystals (Plates 12A and 13A). 
Impurities composed of clay, sand, and carbonate 
(Plate IB), 
In certain areas, laminations .are composed of large 
interlocking anhedral gypsum grains which occa­
sionally surround a euhedral gypsum lath (Plate 9A 
and 9B). 
Veins of satin spar gypsum parallel to bedding with 
crystals whose c-axes are normal to bedding (Plates 
13B and 14). 
Satin spar and individual selenite crystals do not 
extend across lamination boundaries (Plate 14). 
Dark laminations are either dark black or red. The 
clay is illite, often colored red by the presence of 
red quartz sand grains. 
Middle segment Occurrence of small euhedral gypsum crystals, large 
(8 to 13' deep) anhedral grains, and microcrystalline gypsum. 
In some laminations, microcrystalline gypsum forms a 
matrix in which are set larger euhedral crystals or 
still larger anhedral grains (Plate 16A). 
Very thin clay layers (<.3 mm thick) (Plate 15B). 
Scattered isolated clusters of carbonate and clay 
(Plates 17A and 20B). 
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Table 3.4. (continued) 
Segment of exposure Features 
Clay stringers forming circular to semi-circular 
trends resembling the outlines of coalesced gypsum 
nodules (Plates 21A. and 28B) . 
Laminations thicken and thin sporadically as one 
follows them laterally. 
Interdigitation of euhedra and anhedra and interpéné­
tration of microcrystalline gypsum in anhedra (Plates 
18A, 18B, and 27B). 
Large euhedral grains commonly terminate at clay 
layer boundaries, while large anhedral grains 
transect clay layers (Plates 28A and 25A) . 
Clay layers range in color from dark black to yellow-
brown to iron red. The iron red coloring is attrib­
utable to hematite stain in quartz. 
Base of the gypsum Laminations become obscured as gypsum takes on a 
massive appearance due to low contrast between 
colors of successive laminations (Plate 31B). 
White laminations are absent, though light gray lami­
nations are vaguely distinguishable. 
Anhedral, euhedral, and microcrystalline gypsum 
crystals are present in varying proportions (Plates 
32A and 33A). 
Clay is ubiquitous. It is not restricted to linear 
courses or geometric patterns. It occurs in 
isolated clusters throughout the basal segment of 
the exposure. Large anhedra extend continuously 
through clay clusters (Plate 32B). 
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The gypsum nodule contains progressively less detrital clay and quartz 
inward from this boundary, though some quartz grains are found well-within 
the nodule. 
Immediately adjacent to the quartz-clay rich boundary, inside the 
nodule is a single layer of large selenite crystals oriented normal to the 
trend of the clay boundary (Plate 35). These crystals are identical to the 
selenite crystals common to the top foot of the gypsum. The growth of 
these selenite crystals ends abruptly at the quartz-clay boundary and at an 
alabaster-selenite boundary inside the nodule (Plate 36). 
In Plates 35 and 36, we observe what may be gypsum after anhydrite 
in the form of extremely small orthorhombic inclusions in large selenite 
crystals. These crystals are similar to those observed by Ogniben (1957b) 
iu Sicily. 
Within the nodule beyond the selenite, the gypsum is exclusively 
alabaster (except for sparsely distributed short tabular gypsum crystals, 
carbonate, and sand grains) (Plates 37A and 37B). 
The second context for discussion of gypsum nodules is in reference to 
nodules collected deep within the gypsum body. Plate 38A shows an example 
of chicken-wire structure 5* from the base of the gypsum at Quarry 3. Thin 
sections of these deep nodules are strikingly different from those in the 
top of the gypsum body. There is no alabaster in these nodules. They are 
composed of extremely large anhedra and selenite cyrstals along with 
occasional small euhedral gypsum crystals (Plate 38B) and about 50 percent 
by volume of microcrystalline gypsum. The euhedra and anhedra in the deep 
nodules were the largest crystals observed anywhere in the Fort Dodge 
Gypsum. 
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D. Statistical Analysis 
The study reported thus far in this paper has indicated some relation­
ships in the Fort Dodge Gypsum that can be tested statistically to 
determine their validity. The most obvious relationship noted is the 
apparent association between rock color and clay. Based on other research, 
the writer has associated the presence of three dominant crystal varieties 
with recrystallization. Given that recrystallization has occurred exten­
sively throughout the Fort Dodge Beds, regression techniques were used to 
determine if color, clay, and other parameters are closely associated with 
each crystal variety. The variable thickness in the laminations was also 
examined statistically to determine its association with crystal variety. 
1. Collection techniques 
Beginning in March 1978, samples were collected from several quarries, 
taking care to retrieve rocks from several horizons within each. Approxi­
mately 420 samples were collected from seven quarries (60 per quarry from 
quarries 1, 2, 3, 4, 5, 6, and 8, Figure 3.1) with representatives 
collected throughout the entire section of the deposit. To insure random­
ness in specimen selection, each was numbered, and a random number table 
was employed to select 220 of the 420 specimens for statistical analysis. 
Thin sections perpendicular to bedding were made from the 220 samples. The 
sections used for the statistical analysis did not include those used for 
the petrological description already discussed. 
2. Statistical parameters 
The parameters measured for each sample in the statistical analysis 
include both continuous and discrete variables (Table 3.5). Continuous 
65 
Table 3.5. Statistical parameters. Parameters measured in the statistical 
analysis include both continuous and discrete variables. These 
variables are measured as described in the third column 
Parameters Distribution Description 
Lamination color Discrete 0 = white 
.5 = yellow-brown 
1 = black 
Clay Discrete 1 = clay 
0 = no clay 
Site Discrete Quarry numbers from Figure 3.1 
Height Continuous Feet above gypsum base 
Lamination thickness Continuous Thickness in inches 
Euhedra Continuous Percent of lamination composed 
of euhedral gypsum crystals 
Anhedra Continuous Percent of lamination composed 
of anhedral gypsum crystals 
Microcrys talline gypsum Continuous Percent of lamination composed 
of microcrystalline gypsum 
variables are those which may take on one of an infinite number of values. 
Discrete variables are restricted to only a few values that categorize the 
responses according to qualitative characteristics. 
Of the continuously variable parameters, one of the most basic was 
height of each specimen above the base of the gypsum. A second continuous 
variable was lamination thickness. One light and one dark lamination from 
each thin section were examined (except for those cases where laminations 
were not evident). The third continuous variable was the percentage of the 
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rock composed of each of the three major gypsum crystal varieties previ­
ously discussed: euhedral, anhedral, and microcrystalline gypsum. 
Three discrete variables—lamination color, presence of clay, and 
site—were determined for each lamination studied. In the case of clay, a 
0 represented clay absent, and 1 represented clay present. Lamination 
color was expressed as 0 for white, .5 for yellow-brown, and 1 for black, 
these colors being the only important ones present in the deposit. Site 
was expressed as the number from Figure 3.1 assigned to the quarry from 
which a specimen was retrieved. 
3. Dependence of color and clay 
Petrologic analysis indicated that a relationship probably exists 
between lamination color and the presence of clay. A thin layer of clay 
was usually observed winding through dark-colored laminations. The basal 
gypsum, which was dark-colored, massive-bedded rock, was characterized by 
clay randomly disseminated throughout. White laminations appeared to be 
characterized by an absence of clay, though small clusters were often 
sparsely distributed in a random fashion. 
2 
The Chi-square (x ) test provides a means for determining the indepen­
dence of the presence of clay and lamination coloring. A contingency table 
can be constructed based on the presence or absence of clay versus lamina­
tion color (Table 3.6). For this test, two hypotheses are proposed. The 
first is the null hypothesis which states that the presence or absence of 
clay is independent of lamination color. The second, or alternative, 
hypothesis states that they are dependent. Each measurement of Table 3.6 
falls within a cell described by the row and column of the contingency 
67 
Table 3.6. Contingency table of lamination color versus clay for the 220 
samples from the Fort Dodge Beds 
Clay 
Color Absent Present Total 
White 78 11 89 
Yellow-brown 12 20 32 
Black 12 87 99 
Total 102 118 220 
table. Independence of clay and color exists if the probability that a 
measurement is classified into a given cell is equal to the probability of 
being classified into the respective row times the probability of being 
classified into the respective column. 
In order to determine the probabilities associated with each cell, a 
contingency table of expected values must be constructed. The expected 
value fcr each cell is equal to the total of all cells in the same row 
times all cells in the same column divided by the sample size. Mathemati­
cally the expected value is 
_ (row i total) X (column j total) 
ij n 
where n = sample size. The contingency table of expected values for the 
Fort Dodge sample is shown in Table 3.7. 
2 
The X test statistic is the summation of the square of measured cell 
total minus the expected value for that cell divided by the expected value. 
Mathematically 
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Table 3.7. Expected values for the 220 samples from the Fort Dodge Beds 
Clay 
Color Absent Present Total 
White 41 48 89 
Yellow-brown 15 17 32 
Black 46 53 99 
Total 102 118 220 
' "u :ij 
where n.. and are, respectively, the observed and expected number of 
measurements in the cell for the ith row and the jth column. 
The X value for the Fort Dodge laminations is 110 with 2 degrees of 
freedom (DF = (number of rows - 1) X (number of columns - 1)). A table of 
2 
X values shows that if we reject the null hypothesis (i.e., clay and color 
are independent), we have less than a .1 percent chance of being wrong. 
Therefore, we must conclude that color and clay are related in some way. 
Petrologic observations indicate that dark coloring in the Fort Dodge Beds 
is caused chiefly, but not entirely, by the presence of clay. 
4. Analysis of variance on crystal varieties 
The petrologic observations of section IIIC indicated that three vari­
eties of gypsum crystals are common in the Fort Dodge Beds, and it was 
inferred that these varieties suggest a history of recrystallization. 
Microcrystalline gypsum and anhedral gypsum are assumed here to characterize 
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first-stage and second-stage recrystallization, respectively. If the 
specimen is dominated by euhedral crystals, the determination of crystalli­
zation state is ambiguous, because euhedral crystals might characterize 
both primary gypsum and second-stage recrystallized gypsum. An analysis of 
variance may detect the percentage of each crystal variety as it is related 
to each of the independent variables in the model, thus indicating those 
parameters that are perhaps characteristic of a given stage of recrystalli­
zation. 
An analysis of variance (ANOVA) was computed for each of the crystal 
varieties using a general linear regression model (Tables 3.8, 3.9, and 
3.10). Regression produces an equation which mathematically describes the 
relationship between dependent and independent variables. This technique 
requires proposing a model relating the dependent variables to the indepen­
dent variables, as for example relating the dependent variable euhedral 
gypsum and the independent variables such as clay and color (the Euhedral 
Model). ANOVA partitions the sum of squares of a dependent variable into 
recognizable sources of variance (Model Sum of Squares). Independent 
variables for each model tested from the Fort Dodge Beds include those 
listed in Table 3.3 (color, site, clay, height above the base of the 
deposit, and lamination thickness) plus those independent variables defined 
on interactions between variables (clay-site interaction, color-site inter­
action, color-clay interaction, and lamination thickness-site interaction). 
2 
The variable T (square of the lamination thickness) and the interaction 
2 between T and site were used as variables to test for a quadratic 
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2 
relationship. The Model F statistic (Model Mean Square divided by Error 
Mean Square) tests how well the full regression model accounts for the 
dependent variable's behavior. A large F value implies there is a definite 
relationship between the dependent variable and the combined effect of the 
independent variables. The probability (PR>F) indicates whether the model 
is statistically significant by indicating the probability of obtaining a 
larger F value by chance. If the probability of obtaining a larger F value 
is high, then the calculated value is not significant. The probability is 
based on a table of F values determined by degrees of freedom. The euhed-
ral gypsum and microcrystalline gypsum models net very small probabilities, 
indicating significance in the model. This means that both of these 
crystal varieties are related in some way to the independent variables. 
The probability calculated for the anhedral gypsum model is about 7 percent, 
which is much higher than that for the other two crystal varieties, but it 
still indicates that some of the independent variables may be significant. 
a. ANOVA on euhedral gypsum Having established the significance 
of the proposed model, it is possible to determine which of the independent 
variables best account for the observed variation in the dependent variable. 
This is done by selecting those individual independent variables with low 
probabilities of obtaining larger F values. For the euhedral gypsum model, 
the independent variables with PR>F of less than .05 are site, color, clay, 
2 2 lamination thickness, T , clay-site interaction, and T -site interaction. 
A quadratic relationship can be used to describe a curve relationship 
between two continuous variables. 
Table 3.8. Analysis of variance on euhedral gypsum in the Fort Dodge Beds 
Source DF Sum of squares Mean square F value PR>F 
Total 219 109281.52727273 
Model 39 50305.49494530 1289.88448578 3.94 0.0001 
Site 6 11070.55996667 5.63 0.0001 
Color 2 8814.37400300 13.45 0.0001 
Clay 1 3269.64127390 9.98 0.0019 
Clay-site 6 5078.55527689 2.58 0.0200 
Color-site 7 1490.30556000 0.65 0.7159 
Color-clay 2 1391.27462993 2.12 0.1226 
Lamination thickness 1 2757.76452007 8.42 0.0042 
Height 1 14.36284101 0.04 0.8344 
t2 1 1801.30237193 5.50 0.0201 
Lamination thickness-site 6 1535.08621490 0.78 0.5859 
T -site 6 13082.26828697 6.65 0.0001 
Error 180 58976.03232743 327.64462404 
Table 3.9. Analysis of variance on anhedral gypsum in the Fort Dodge Beds 
Source DP Sum of squares Mean square F value PR>F 
Total 219 210894.05000000 
Model 39 49393.78768592 1266.50737656 1.41 0.0694 
Site 6 4031.34063217 0.75 0.6111 
Color 2 5855.22187753 3.26 0.0406 
Clay 1 1848.83193018 2.06 0.1529 
Clay-site 6 2200,85330808 0.41 0.8725 
Color-site 7 9392.49288378 1.50 0.1705 
Color-clay 2 6287.13516851 3.50 0.0322 
Lamination thickness 1 12.54463932 0.01 0.9060 
Height 1 3207.63861318 3.58 0.0603 
t2 1 9.94673412 0.01 0.9163 
Lamination thickness-site 6 8944.73201417 1.66 0.1329 
T^ -site 6 7603.04988488 1.41 0.2121 
Error 180 161500.26231408 897.22367952 
Table 3.10. Analysis of variance on mlcrocrystalllne gypsum in the Fort Dodge Beds 
Source DF Sum of squares Mean square F value PR>F 
Total 219 282548.34545455 
Model 11 57833.91381042 5257.62857367 4.87 0.0001 
Site 6 35650.33666053 5.49 0.0001 
Color 2 12483.60552990 5.77 0.0034 
Clay 1 1896.92982035 1.76 0.1817 
Lamination thickness 1 6215.62843046 5.75 0.0164 
Height 1 1587.41336918 1.47 0.2208 
Error 208 224714.43164413 1080.35787521 
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The significance of the independent variable site implies that the 
distribution of euhedral gypsum crystals varies from one quarry to the next. 
The interaction of the square of lamination thickness and site may be more 
informative in this regard. Note that the interaction of lamination thick-
2 
ness and site is not significant, but the T -site interaction is. The 
2 
significance of the T -site interaction implies that the magnitude of the 
variation in euhedral gypsum distribution attributable to lamination thick­
ness is not the same for all quarries. 
Graphical representation of lamination thickness versus euhedral 
gypsum indicates that such an exponential function does exist (Figure 3.2). 
Graphs for quarries 2, 5, 6, and 8 showed random scattering of points, but 
graphs for quarries 1, 3, and 4 displayed points that followed curved paths. 
Specifically, the percentage of euhedral crystals at sites 1, 3, and 
4 increased exponentially with an increase in lamination thickness. Such a 
pattern may be attributable to the presence of thick layers of satin spar. 
The petrologic analysis of the previous section in this report described 
thick veins of satin spar in the topmost segment of quarry 3. 
The distribution of euhedral gypsum also shows a strong relationship 
with clay- The correlation coefficient indicates that these variables are 
inversely correlated. The Pearson correlation coefficient calculated for 
euhedral gypsum and clay is -.37, which states that the percentage of 
euhedral gypsum decreases with an increase in clay. It is not surprising 
that euhedral gypsum also shows a strong relationship with color. The 
2 dependence of color and clay (determined earlier by the x test) suggests 
that they should vary together. The fact that both color and clay are 
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Figure 3.2. Exponential relationship between euhedral gypsum composition 
and lamination thickness in the Fort Dodge Gypsum. Curves 
represent those plots for quarries 1, 3, and 4. The graph 
illustrates the functional relationship between euhedral 
gypsum distribution and the interaction between lamination 
thickness and site 
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significant in the ANOVA says that color or clay alone cannot account for 
all the variability attributable to the clay-color dependence. 
The significance of the clay-site interaction suggests that the vari­
ation in euhedral gypsum distribution explained by clay is different from 
one quarry to another. This relationship can probably be accounted for by 
the variable thickness of the gypsum deposit as a whole. Thin sections 
indicate that there is a concentration of clay at the base of the deposit. 
The shallower deposits would consist of a proportionately larger amount of 
basal gypsum than thicker deposits. The variation in euhedral gypsum with 
height in the gypsum column is not a significant relationship (Figure 3.6). 
Therefore, assuming the distribution of euhedral gypsum to be constant 
throughout the vertical section, euhedral crystals in a shallow quarry may 
show a stronger relationship to clay than those in a thick quarry. 
b. ANOVA on anhedral gypsum Only two significant relationships 
exist for the anhedral gypsum model at PR>F of less than 5 percent. Color 
and color-clay interaction account for most of the variation in this model 
(Table 3.9). 
The significance of the color relationships suggests that some of the 
color in the laminations is attributable to the distribution of anhedral 
gypsum. Furthermore, because the clay effect is not significant, the 
variability attributable to color and clay can be accounted for by color 
alone. This is a consequence of the dependence of color and clay (from the 
2 
X test). The Pearson correlation coefficient for anhedral gypsum and clay 
is .43; in other words, the percentage of anhedral gypsum increases as clay 
content increases. The dependence of color and clay suggests that the 
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percentage of anhedral gypsum should be larger in dark laminations than 
white laminations. The significance of the interaction between color and 
clay (Table 3.9) suggests that the distribution of anhedral gypsum 
accounted for by clay varies with color. Light laminations (with little or 
no clay) have a distribution of anhedral gypsum distinct from that of dark 
laminations (with abundant clay). 
c. ANOVA on microcrystalline gypsum The ANOVA on microcrystalline 
gypsum distribution is similar to that for euhedral gypsum. Three relation­
ships (site, color, and lamination thickness) are indicated with PR>F less 
than .05. All three variables were also significant with regard to 
euhedral gypsum distribution. Note that several dependent variables 
present in the euhedral and anhedral gypsum models have been eliminated 
from the microcrys talline gypsum model. This is because when all variables 
were included in the microcrys talline gypsum model, only the main effects 
were significant. The reduced model includes only the main effects and 
results in a larger F value for the Model Sum of Squares. 
For microcrys talline gypsum, as for anhedral gypsum, the variation due 
to color and clay can be explained by color alone. The color-site inter­
action, though, is not significant. The Pearson correlation coefficient 
for microcrys talline gypsum and clay indicates an inverse relationship 
similar to that for euhedral gypsum and clay. The percentage of micro-
crystalline gypsum increases as the amount of clay decreases. 
To better understand the relationship between lamination thickness and 
microcrystalline gypsum, partial correlation coefficients (r^ ) were computed 
(Table 3.11). The partial correlation is the correlation between a 
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Table 3.11. Partial correlation coefficients (^ ) and probability (p) for 
lamination thickness and crystal variety in the Fort Dodge 
gypsum 
L P 
Euhedral gypsum 0.188 0.008 
Anhedral gypsum -0.008 0.908 
Microcrystalline gypsum -0.169 0.018 
dependent variable and an independent variable while holding all other 
independent variables constant. This is a measure of the strength of the 
relationship between two variables adjusted for the presence of other vari­
ables. In the ANOVA models, the assumption was made that the three crystal 
varieties are functionally related to lamination thickness. Lamination 
thickness, however, may be functionally related to crystal variety (i.e., 
lamination thickness may better serve as the dependent variable). For this 
reason, it may be more meaningful to consider the correlation between 
crystal variety and lamination thickness. Correlation simply indicates how 
two parameters vary, making no statement concerning functional relation­
ship. 
Notice that both euhedral gypsum and microcrystalline gypsum have 
large _r values and low probabilities (p) of a larger _r (i.e., they are 
significantly correlated with lamination thickness). Anhedral gypsum is 
not significantly correlated. Furthermore, euhedral gypsum has a positive 
correlation with lamination thickness, and microcrystalline gypsum has a 
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negative correlation. As lamination thickness increases, the percentage of 
euhedral gypsum increases and that of microcrystalline gypsum decreases. 
5. Snïïimary of statistics 
Some interpretations of the preceding statistics have already been 
made, but this section will summarize all phases of the analysis as a 
single unit (Table 3.12). In this way, the characteristics of the various 
stages of recrystallization can be better distinguished. 
The ANOVA indicate that euhedral gypsum and microcrystalline gypsum 
have several relationships in common, while anhedral gypsum has little in 
common with the other crystal varieties. One reason that euhedral gypsum 
crystals have little in common with anhedral gypsum crystals is that both 
varieties may represent forms of second-stage recrystallization. It could 
be this distinction in functional relationships with the independent vari­
ables that describes why formation of one variety may be favored over the 
other. For example, it was shown that euhedral crystals are correlated 
with clay in the opposite sense as anhedral crystals. Euhedral gypsum 
amount decreases with an increase in the amount of clay; anhedral gypsum 
content increases with clay content. Because of the dependence of color 
and clay, one may deduce that euhedral gypsum occurs more commonly with 
light laminations and anhedral gypsum with dark laminations. From the 
above reasoning, we may conclude that when second-stage recrystallization 
occurs in the presence of clay, anhedral crystals form. Conversely, when 
such recrystallization occurs in the absence of clay, euhedral crystals 
form. Another interpretation may be that anhedral crystals are not as 
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Table 3.12. Summary of statistical analysis on features of the Fort Dodge 
gypsum 
Euhedral 
gypsum 
Anhedral 
gypsum 
Microcrystalline 
gypsum 
Color FR^  FR FR 
Clay FR FR 
Site FR FR 
Height 
Lamination thickness +ct -c 
S^ignificant functional relationship. 
Significant correlation (+C = positive correlation; -C = negative 
correlation). 
effective as euhedral crystals in pushing aside impurities and concentrating 
them elsewhere during growth. 
The similarities between euhedral gypsum and microcrystalline gypsum 
are not as easily explained as their differences. Though both are signifi­
cantly correlated with lamination thickness, their correlations are in 
opposite senses. Perhaps it is these correlations that indicate the 
transition from primary gypsum (euhedral) to first-stage recrystallization 
(microcrystalline gypsum), or they may distinguish first-stage recrystalli­
zation (microcrystalline gypsum) from second-stage (euhedral gypsum). The 
significance of site as an independent variable suggests that recrystalli­
zation stage differs from one quarry to the next, perhaps being related in 
some way to the thickness of the gypsum sequence. If such is the case, it 
is not clear why anhedral gypsum is not related in some way to site. 
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IV. INTERPRETATION OF THE FORT DODGE GYPSUM 
A. Current Models for Genesis of Calcium Sulphate Deposits 
What do the diagenetic features of the Fort Dodge gypsum tell us 
concerning the environment of deposition? The best means available for 
establishing any conclusions about the origin of the gypsum is comparison 
of the Fort Dodge Beds with ancient and modem evaporite deposits. Studies 
of such deposits over the past 150 years have produced two lines of 
thinking. The oldest model, the Classical Model, proposed subaqueous 
deposition of marine evaporites in an environment of restricted circulation. 
The younger model is based upon studies of Recent evaporite deposition in 
intertidal and supratidal portions of modern arid coastlines. 
1. The barred basin model 
The Classical Model (or Bar Theory) of deposition of thick sequences 
of gypsum or anhydrite was hypothesized in the 19 th century by Ochsenius 
(1888). Because the original theory was so exacting, it could not be 
universally applied to the many thick salt deposits in the world, so it has 
been tailored by later researchers to fit the unique circumstances of each 
deposit. 
Ochsenius observed many salt deposits in which the CaSO^ :NaCl ratio 
approached 1:1. Experimental evaporation of normal seawater reveals a 
ratio on the order of 1:30. In many deposits, including the Fort Dodge 
gypsum, the later precipitates of normal seawater evaporation (halite and 
the bittern salts) are completely absent. To explain this phenomenon, 
Ochsenius imagined a deep bay connected to the sea by a narrow shallow 
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channel. Fresh supplies of seawater entered this basin over a bar via the 
channel, but the basin was otherwise completely cut off from oceanic circu­
lation. If fresh supplies of seawater were brought in over the bar as fast 
as evaporation took place, all the water would not need to be in the basin 
at one time. The need for an extremely deep body of water does not exist. 
If all the water for precipitation of 41' of gypsum (as found in the Red 
Beds of Wyoming) were present at one time, the basin would need to be 
57,000' deep (Branson, 1915). 
Ochsenius' basin is a relatively shallow one in which evaporation 
takes place at the surface. The surface layer becomes a dense brine that 
sinks to the bottom. As the bottom waters become saturated with respect to 
the various salts, precipitation takes place (Figure 4.1). In a basin of 
this type, where thick sequences of gypsum are deposited, the depth of the 
basin would be regulated by the water required to keep the sodium chloride 
in solution (Branson, 1915). Subsidence of the basin must take place as 
gypsum is deposited in order that the basin can hold enough water to keep 
the new supplies of salts in solution. The subsidence must be closely 
regulated such that the process is not reversed (away from gypsum deposi­
tion) by excess water or advanced (towards halite deposition) by too little 
water (Schmalz, 1969). If there were a source through which terrestrial 
water enters the basin, the fresh water could lower the salinity of the 
brine and eliminate the need for rapid subsidence. Regulation must be 
maintained such that too much fresh water does not enter and reverse the 
process. A small degree of subsidence of the basin must take place even 
with fresh water influx if the gypsum deposits are to reach the thicknesses 
observed. 
HAUTE 
ANHriIRITE « HALITE 
LIMESTONE 
Figure 4.1. Longitudinal cross section of an evaporating barred basin. Note the horizontal segrega­
tion of deposition zones and stratigraphie sequence developed during progressive 
Increase of basin salinity (from Scruton, 1953) 
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The serious drawback of the "Bar Theory" is the problem of modern 
analogues. Nowhere in the world today does such a restrictive environment 
exist, though thick gypsum deposits occur ubiquitously throughout the 
geologic record. Clarke (1911) cites the Karabogaz Gulf and other bays on 
the eastern shore of the Caspian Sea as places where "the process of saline 
concentration can be observed in actual operation" though he adds "but only 
part of the programme has yet been performed." Many authors cite examples 
of modern environments where certain aspects of the bar theory can be seen 
operating (Clarke, 1911; King, 1947; Branson, 1915; Scruton, 1953; Bose, 
1919; Adams, 1936; Schmalz, 1969), but environments meeting all the 
criteria of the model are absent. 
2. The sabkha model 
In 1966, Shearman published his classic article detailing a model of 
marine evaporite origin by diagenesis in an environment where a standing 
body of water did not exist. Instead, the evaporites formed as 
piles of arid zone coast plain sediments in which gypsum and 
anhydrite formed during early diagenesis, while the soluble salts 
of sodium and potassium were emplaced subsequently, mainly after 
burial as a result of reactions involving the connate brines 
(Shearman, 1966). 
Shearman found his prototype in the recent sediments of supratidal flats 
along the coast of Abu Dhabi, and he observed that these sediments closely 
resemble the sulphate zones of many ancient evaporite deposits. 
This particular type of environment is called a "sabkha" (after the 
Arabic word "sebkha") and, in a restricted sense, refers to "broad salt-
encrusted supratidal surfaces or coastal flats only occasionally inundated" 
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(Kinsman, 1969). The Abu Dhabi coast of the Persian Gulf is bordered by 
many low islands and lagoons with a broad coastal plain (sabkha) of 
Pleistocene and Recent sediments just above sea-level lying landward of the 
lagoons. The sabkha slopes from upland Tertiary rocks seaward at about 
.4 m/km (Evans et al., 1969). Kinsman (1969) gives a more precise 
definition of a sabkha: 
Sabkhas are equilibrium geomorphic surfaces whose levels are 
dictated by the local level of the groundwater. Water-table 
depths seldom exceed 1 to 2 meters. 
Sabkhas are formed where the aeolian sand supply is limited and 
where hard rock lies below the level of the groundwater table. 
Pits and cores show that the (Abu Dhabi) sabkha is a wedge of 
marine sediments of facies similar to those accumulating in the 
present marine and intertidal areas capped by thin supratidal 
facies which is overlain by a thin aeolian facies. 
The sabkha model has been a popular alternative for the barred basin 
model of Ochsenius and other writers because the physiographic requirements 
for a barrier capable of restricting influx and reflux of seawater in just 
the right quantities are very exacting. It is doubtful that such condi­
tions could exist for long periods of time on the global extent that the 
stratigraphie record would imply. Several modem researchers have suggested 
that sabkha environments played a far more important role in the genesis of 
thick extensive deposits of gypsum than formerly believed (Kerr and 
Thompson, 1963; Shearman, 1966; Holliday, 1967; Hardie and Eugster, 1971; 
Evans et al., 1969; Kinsman, 1969). The argument for sabkha origin of many 
of these ancient deposits is based on similarities between habits of gypsum 
crystals and forms of gypsum and anhydrite diagenesis observed in ancient 
and modern settings. 
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Kerr and Thompson (1963) described the mechanism by which evaporite 
minerals formed in the sediments of a sabkha, but Shearman (1966) developed 
the model. 
Prevailing east-southeast winds blow thin sheets of lagoonal 
water across adjacent (tidal) flats. High evaporative rates 
increase water salinity. Saline waters from the advancing sheet 
seep downward through porous substratum and mix with the ground­
water. Gypsum grows by direct precipitation within the host 
sediments (Kerr and Thompson, 1963). 
Following the initial growth of gypsum, diagenesis takes place with 
dehydration of gypsum to anhydrite and the drawing upward of saline waters 
by capillarity to form nodules of anhydrite or gypsum. 
Shearman (1966) distinguished between coastal sabkhas, those with 
marine derived groundwaters, and inland (or continental) sabkhas with 
terrestrial groundwaters. Kinsman (1969) categorizes modem evaporite 
deposits as continental sabkhas, coastal sabkhas, playas, or evaporating 
pans. Though each of these environments is different from the others, the 
mode of formation of evaporite minerals is similar, and each environment 
is distinct from that of the barred-basin model. Coastal sabkhas are the 
normal end product of nearshore marine sedimentation where the sediments 
are laid down just above the high-water mark, and evaporite minerals are 
formed from seawater-derived brines. Continental sabkhas consist of 
noncarbonate terrestrial sediments with continental groundwater. The 
development of continental sabkhas is dependent upon a low hinterland 
relief. Those areas characterized by aridity and high hinterland relief 
develop evaporating pans, where "late stage supraCidal and intertidal sedi­
mentation has isolated large shallow depressions, which are filled with 
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seawater during storm flood periods" (Kinsman, 1969). Playas .-re "brood 
shallow depressions in desert regions that occasionally may be covered with 
a thin sheet of water" (Friedman, 1978). They are continental evaporating 
basins and have continental water supplies lacking external drainage. 
Playas are characterized by the precipitation of gypsum and halite but 
typically lack other marine salts. Figure 4.2 shows the relationship of 
continental and coastal sabkhas. The two are actually manifestations of a 
regressive cycle with a seaward migrating shoreline. As a point on the 
sabkha moves progressively away from the shoreline, continental ground­
waters play a progressively dominant role over marine-derived groundwaters. 
The regressive nature of the system is evident in vertical sections 
from the coastal sabkha at Abu Dhabi. Three facies are exibited (Figure 
4.3) : 
1) a lower marine facies of lagoonal muds and pelleted aragonite 
muds; 
2) an intertidal facies commonly represented by algal mats; 
3) a supratidal or sabkha facies (Shearsian, 1966). 
The intertidal zone is that part of the coast which lies below the water 
line but not below wave base. The supratidal zone is that part which is 
occasionally inundated by high tides or wind carried water. The supratidal 
flat sediments consist of wind blown sand and lagoonal aragonite muds which 
washed over the coastal plain when strong onshore winds coincided with high 
tides. On more exposed parts of the coast, the algal mats may be absent 
(Shearman, 1966). 
The minerals which distinguish a sabkha facies are diagenetic nodular 
anhydrite, gypsum, and sometimes dolomite. Celestite is a common accessory 
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Figure 4.2. Schematic cross section across Trucial Coast showing transition from arid continental 
sedimentation to open marine (from Dean and Schreiber, 1978) 
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Figure 4.3. Schematic vertical section, through an idealized sabkha showing 
sedimentary facies and distribution of early diagenetic 
nodular anhydrite (from Shearman, 1966) 
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mineral. These minerals reflect the basic processes which provide the 
foundation for the sabkha model: 1) interstitial emplacement of evaporite 
minerals within the host sediments and 2) diagenesis in the host sedimenrs 
(dolomitization) and in the evaporite minerals (transition from anhydrite 
to gypsum and formation of anhydrite nodules). In the Persian Gulf, "the 
coastal sabkha zone dominated by gypsum is shifted progressively seaward, 
but its area remains roughly constant, whereas the area dominated by 
anhydrite progressively increases" (Kinsman, 1969). Capillarity of marine-
derived groundwaters results in the formation of gypsum in the intertidal 
muds and anhydrite nodules in the supratidal zone (Llewellyn et al., 1968). 
The sabkha facies is characterized by nodular anhydrite and gypsum, 
but gypsum also occurs within the sediments and the algal mats of the 
underlying intertidal facies. Intertidal gypsum crystals are characteris­
tically lens-shaped and range in size from a few millimeters to more than a 
centimeter (Shearman, 1966). These crystals are flattened in a plane 
normal to the c-crystallographic axis, and they display a lozenge shape in 
cross section (Shearman, 1966; Kinsman, 1969). Kinsman (1969) reported 
that these crystals are precipitated interstitially in the host sediments 
or by replacement of the carbonate sediments. This is in contrast to 
gypsum in the sabkha facies where "there is little or no evidence of gypsum 
or anhydrite replacing any of the original carbonate sediments" (Kinsman, 
1969). These lenticular crystals are commonly found scattered throughout 
the old algal mats. They are analogous to the discoid crystals reported by 
Masson (1955) from the mudflats of Laguna Madre north of Brownsville, 
Texas, which he believes are altered selenite crystals (Figure 4.4). 
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Figure 4.4. Habit and crystallographic orientation of selenite from 
Laguna Madré mudflats, a. Habit of euhedral crystals showing 
commonest form. Note that the crystal is viewed from the 
(-a, +b, +c) octant rather than the view customarily -used in 
crystal drawings, b. Intermediate stage in the development of 
rough discoid crystals. The irregular surface approximately 
parallel to (102) has expanded so that (111) faces are partly 
obliterated and the crystal extends laterally in the direction 
of the ^  axis. c. Optical and crystallographic orientation of 
cleavage fragments from euhedral crystals, d. Optical and 
crystallographic orientation of cleavage fragments from 
discoid crystals (from Masson, 1955) 
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Shoreward of the intertidal gypsum zone, in the supratidal facies, 
gypsum crystals give way to anhydrite nodules above the algal mats and 
groundwater table. Where algal mats are absent, anhydrite nodules appear 
just above the lagoonal muds (Evans et al., 1969; Shearman, 1966). Nodules 
in the Fort Dodge Beds are gypsum nodules rather than anhydrite. But this 
does not of itself rule out the possibility of sabkha origin because West 
et al. (1979) have reported the formation of primary gypsum nodules in a 
similar environment in Egypt. Other writers (Bosellini and Hardie, 1973; 
Holliday, 1965) have found gypsum nodules after anhydrite in what they have 
interpreted as ancient sabkha evaporites. 
3. Continental deposits 
Gypsum nucleating in a solar salt pan forms silt- to sand-sized 
crystals or cleavage fragments "that lie with their maximum dimension 
parallel to bedding" (Schreiber, 1978). These crystals form either as 
crusts on the floor of the brine pan or in delicate acicular crystals 
growing in the air-water interface. Crystals that grow in the muds along 
the floor of the salt pan in the final evaporative phase may become lithi-
fied as vertically standing selenite crystals. 
Deposits with the c-crystallographic axes of gypsum crystals verti­
cally oriented were reported from the Upper Miocene Messinian deposits of 
Spain (Shearman and Orti-Cabo, 1976). This 8 m thick deposit has been 
widely accepted as a salina deposit (solar salt pan). It is well-known for 
its large well-developed swallow-tail twins which reach lengths of as much 
as 3 m or more. But the "conspicuous and spectacular feature of the larger 
crystals is that they are usually arranged with the long axes vertical or 
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near vertical with respect to the depositional surface." Two levels of 
nodular gypsum also occur in the deposit—one at the base of the formation 
and the other near the top. 
Most writers agree that the selenite crystals of the Messinian Forma­
tion are primary gypsum (Shearman and Orti-Cabo, 1976; Richter-Bemburg, 
1973; Hardie and Eugster, 1971; Dickinson and King, 1951; Crawford, 1965). 
Ogniben (1957b) believed that in spite of the "free-growth" appearance of 
the selenite, tiny anhydrite inclusions suggested a replacement origin for 
gypsum. 
Thick gypsum deposits are found in the Mormoiron Basin of southeastern 
France. These evaporites are a Paleogene lacustrine deposit of alternating 
bands of gypsum and nonlithified carbonate (True, 1978). The gypsum 
includes thin beds of small lens-shaped gypsum crystals alternating with 
dolomicritic layers containing "grass-like" gypsum laths which grew 
subvertically in the carbonate mud. These crystals have been interpreted 
as primary gypsum which grew "just beneath the sediment-water interface 
during very early diagenesis" (True, 1978). This great thickness of evap­
orites, according to True (1978) was deposited in a continental environment 
when structural control led to the development of an interior drainage 
basin. The alternating bands of gypsum and dolomicrite are actually 
varves. Growth of gypsum within the muds corresponds to periods of desic­
cation in the basin when the interstitial muds became saturated. The 
gypsum layers correspond to an earlier arid period at the onset of evapora­
tion while the basin still contained water. 
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B. Inferred Geological Setting 
of the Fort Dodge Gypsum 
Researchers often infer that calcium sulphate nodules are indicative 
of sabkha environments (Shearman, 1966; Llewellyn et al., 1968; Howitt, 
1964; Treesh and Friedman, 1974; Jacka and Franco, 1974; Hardie and 
Eugster, 1971; Bosellini and Hardie, 1973; Holliday, 1965; Holliday and 
Lake, 1978; Holliday and Shephard-Thom, 1974). Shearman (1966) wrote, 
"If, as the evidence now indicates, the nodules record sabkha diagenesis, 
then it is likely that comparable nodules in the sulphate zones of marine 
evaporites may serve as criteria for the identification of ancient sabkha 
facies." Other researchers have supported the idea that nodular anhydrite 
has formed in basinal environments in the past (Stewart, 1967; West, 1967; 
Illing and Taylor, 1967; Dean et al., 1975). 
The scant occurrence of gypsum nodules in the Fort Dodge gypsum does 
not fit a sabkha model. The mineralogy of the Fort Dodge gypsum does not 
correspond to any of the sabkha facies in Shearman's model. The gypsum 
crystals in the Fort Dodge Beds occur as euhedral and anhedral crystals and 
microcrystalline to cryptocrystalline gypsum. Extremely few euhedral 
crystals resemble the lens-shaped gypsum of tidal flats. The euhedral 
crystals occur as slender gypsum laths (less than 1 mm to several milli­
meters in length), and large selenite crystals (more than a centimeter in 
length). The anhedra are recrystallized gypsum which formed as irregularly-
shaped interlocking crystals, and the subcrystalline gypsum is usually a 
matrix of crystals too small to reveal their crystal forms. While inter-
tidal zone gypsum is found in association with algal mats, no algal remains 
are evident in the Fort Dodge gypsum. 
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It has been concluded by some researchers that authigenic tabular 
gypsum crystals similar to the gypsum laths in the Fort Dodge Beds form on 
a relatively stagnant seafloor where decomposition of organic matter 
enriched the sediments in sulphate ions. Gypsum precipitation in the sedi­
ments resulted when oxygen-rich bottom waters swept the sea bottom mixing 
the calcium-rich seafloor surface with the sulphate rich sediments (Briskin 
and Schreiber, 1978; Antia, 1979). 
The mineral assemblage of the Fort Dodge Beds and the surrounding 
stratigraphy suggest that the gypsum is probably not a continental deposit. 
Holser (1979) writes: 
A common result of the differing compositions of river waters and 
seawater is that the resulting nonmarine evaporite facies contain 
considerable calcium carbonate, sodium carbonates (such as trona, 
Na3C03(HC03)•2H2O) or sodium sulfates (such as mirabilite, 
NagSO^ .lOHgO). 
The Fort Dodge Beds lack barite, which is common in many continental evap­
orite bodies in other parts of the U.S. By contrast, it is not difficult 
to cite many examples of marine deposits in which marine salts except 
calcium sulphate are absent. 
Kinsman (1974) has described the geological settings of the major 
evaporite deposits in the world. These settings fall into three categories 
in plate tectonic terms: 
1) Deposits of intracontinental, intracratonic, or interior basins. 
2) Deposits formed between converging lithospheric plates. 
3) Deposits formed between diverging lithospheric plates. 
Deposits formed between converging plates are rare, and they occur 
when "two continental margins may enclose a relict area of (an) ancient 
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ocean floor" forming a restricted basin. Deposits between diverging plates 
are continental rift valley evaporites "formed in juvenile, actively 
spreading oceans following rupture of a continental plate" (Kinsman, 1974). 
These latter deposits form in linear belts within rift basins or along more 
fully developed continental margins. 
One may conjecture that the Fort Dodge Gypsum is of the rift basin 
type, in light of the presence of the mid-continent gravity high in the 
vincity of Fort Dodge and the sporadic activity of the Fort Dodge fault 
(Chase and Gilmer, 1973; King and Zietz, 1971; Craddock et al., 1963; Ocola 
and Meyer, 1973; Mooney et al., 1970; Coons et al., 1967). One interpreta­
tion of the mid-continent gravity high is that it is a North American rift 
system (Ocola and Meyer, 1973) believed to be offset by transform faults 
(Chase and Gilmer, 1973). To ascribe formation of the Fort Dodge beds to 
rift-associated circulation restriction, however, would be stretching 
current evidence beyond its limit. The basin of deposition of the gypsum 
body does not resemble a rift valley. The mid-continent gravity high is a 
Precambrian structure covered by thousands of feet of Phanerozoic strata. 
The relationship of the Fort Dodge fault and the mid-continent gravity high 
is still a matter of speculation. The fault may be a later attempt at 
continental rifting, but it does not form a rift valley nearly wide enough 
to contain the Fort Dodge Gypsum. The gypsum occurs within and around the 
fault in some places. 
The Fort Dodge Beds fit the intracratonic model better. These 
deposits are areally extensive but only tens or hundreds of meters thick 
(Kinsman, 1974). Such deposits may occur in either sabkha deposits or 
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basinal deposits from a standing body of brine. Their formation occurs 
during periods of active subsidence "averaging about 10 mm per thousand 
years" (Kinsman, 1974). 
The Fort Dodge Beds resemble many other lamellar gypsum and anhydrite 
deposits in the world in that the "individual laminae have sharp contacts, 
are perfectly flat, and are continuous across a core, a mine face, or an 
outcrop" (Holser, 1979). Holser (1979) concludes that such deposits were 
laid down in "zero-energy" environments characterized by deep-water basins. 
Lateral continuity of the laminae implies deposition below wave base. 
Sabkha evaporites, by contrast, are characterized by irregular, undulating 
contacts, indicative of origin in the presence of algal stomatolites. 
Shallow water deposition of lamellar evaporates is indicated by ripples, 
cross-bedding, and graded-bedding with no evidence of algal growth. 
The lamellar features of the Fort Dodge gypsum suggest a deep-water 
origin. The most likely environment is a marginal marine basin which was 
continually supplied with seawater (influx) and seasonally supplied by 
terrestrial streams. Wet seasons in the Fort Dodge area during deposition 
of the gypsum may have permitted terrestrial streams to carry a sediment 
load into the basin. Gypsum deposition during this season would be charac­
terized by dirty laminations with detrital inclusions (carbonate and clay). 
Continued gypsum precipitation during a successive dry season would result 
in cleaner laminations with considerably less material. 
The laminations in the Fort Dodge Beds are probably varves. The fact 
that the clay stringers are extremely thin is probably indicative of a very 
gradually sloping upland adjacent to the basin. Terrestrial waters 
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entering the basin did not have the velocity necessary to carry a large 
supply of clastic material. The shoreline may have formed a broad, gently 
sloping evaporating surface extending landward as far east as Michigan, 
eventually linking the Fort Dodge beds with the Michigan Red Beds. 
An alternative to stream-carried detritus would be windblown sand and 
dust. Such a proposal is quite plausible considering the small sizes of 
the detrital material. The source of the detritus would be the same as 
that for the ephemeral stream model, but the windy season would not neces­
sarily correspond to a wet season. This model would require only a supply 
of marine water and would be applicable to an arid rather than a semi-arid 
environment. 
Windblown sediments may even suggest extremely rapid deposition of the 
Fort Dodge beds. If each clay/carbonate layer was associated with a single 
windstorm, then several laminations may be correlated with a single season. 
C. Post-Depositional Features 
The Fort Dodge Gypsum Beds exhibit a joint-controlled solution surface 
that is exhibited in many areas when the glacial drift is removed (Plate 
39). Notice that solution channels in Plate 39 form recti-linear courses 
parallel to and normal to major joints in the rock body. 
Such solution surfaces are found only in those areas where gypsum is 
directly overlain by drift. In those areas where the gypsum and drift are 
separated by an intervening layer of Soldier Creek clay, the surface is 
almost perfectly flat. Two explanations are put forth to account for the 
solution surfaces: 
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1) The solution channels represent post-Soldier Creek erosion channels. 
The channels formed only where the Soldier Creek clays were removed 
or never deposited. The Soldier Creek clays thin southeastward; 
they are approximately 25' thick in the northwest, and they thin 
out completely in the vicinity of Quarry 3 (Map 3.1). 
2) The second proposal (and the one favored by the writer) is that the 
solution channels are a product of groundwater activity. In this 
case, the channels would have been formed where Soldier Creek clays 
were absent before the drift was deposited. Impermeability of the 
clays prevented the groundwater from coming into contact with the 
gypsum in other areas. 
Groundwater activity probably accounts for the extremely coarse satin 
spar in the top foot of the gypsum sequence described earlier from Quarry 3. 
This phenomenon is observed where the Soldier Creek clays are extremely 
thin (less than 1' thick) or absent. Recall that Quarry 3 is an area on 
the edge of the Soldier Creek deposit. Apparently these satin spar lamina­
tions are a late (Post-Pleistocene) re-solution feature where gypsum was 
re-precipitated when the rock body came into contact with groundwater. 
The diagenetic features of the Fort Dodge gypsum mask many of the 
original features of the beds. It is clear that the beds have undergone 
considerable change, probably of primary to secondary gypsum. It was 
pointed out earlier that there is little evidence that the beds were 
dehydrated (gypsum to anhydrite) or re-hydrated (anhydrite to gypsum) on a 
large scale. It is commonly accepted that dehydration of gypsum requires 
burial to a depth of approximately 2,000'. 
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G. Ludvigson of the Iowa Geological Survey (Iowa City, Iowa, personel 
communication) writes : 
In regards to our conversation concerning the thickness of the 
Cretaceous deposits that may have covered the Fort Dodge beds, I 
believe it would be safe to say that no more than 1,000 feet of 
Cretaceous strata were present at any time. 
The Cretaceous deposits in the type area of the Dakota Formation are less 
than 1,000' in thickness, and the Dakota Formation in northwest Webster 
County is considerably thinner. 
Throughout Cretaceous deposition in the Midwest, a stable south­
west paleoslope was maintained, with Central Minnesota serving as 
a clastic source terrane until late Cenomanian or Turonian time. 
The Sioux Quartzite Ridge, an east-west trending erosional high­
land along the tri-state border of South Dakota, Minnesota, and 
Iowa was not completely inundated until at least Coniacian time 
(Ludvigson and Witzke, personal communication). 
Cretaceous burial provides the conditions to induce re-crystallization in 
the Fort Dodge Beds but not to the degree necessary for dehydration of the 
gypsum. 
It is possible that transition of anhydrite to gypsum has taken place 
in association with growth of calcium sulphate nodules and veins of satin 
spar. Anhydrite relicts may be common inclusions in selenite crystals in 
the gypsum nodules. Other occurrences of anhydrite relicts are extremely 
rare. Local conditions (temperature/pressure) could have dehydrated the 
primary gypsum, so anhydrite could have formed. Conversion of gypsum to 
anhydrite increases local pressures because the volume of an anhydrite 
molecule plus two water molecules is greater than the volume of a gypsum 
molecule. Once anhydrite is formed, the increased pressure accompanying 
conversion from gypsum may generate additional conversion. Subsequent 
hydration would convert the anhydrite to gypsum. Veins of satin spar along 
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lamination partings and around nodules may be results of increased pressure 
with conversion of anhydrite to gypsum. 
Following deposition of Cretaceous rocks, Webster County was subjected 
to an episode of erosion which completely eradicated Cretaceous beds 
(except beds in the northwest comer and possibly the Soldier Creek clays) 
and Jurassic formations except around Fort Dodge. In fact, all evidence of 
Jurassic strata is unrecognized in the central interior except in Fort 
Dodge and Michigan. 
Because of the problems with the field relationships of the Fort Dodge 
area, the environment of the gypsum deposit remains an enigma. The absence 
of Jurassic associations with the gypsum does not permit classification in 
a carbonate or a red bed environment. The conditions of gypsum deposition 
can, as yet, only be conjectured. The setting favored by the writer is 
that of a marginal marine basin in an arid to semi-arid climate. 
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VII. APPENDIX A: TRACE ELEMENT ANALYSIS 
OF THE FORT DODGE GYPSUM BEDS 
The following tables list the trace element analyses of the Fort 
Dodge Gypsum beds as determined from X-ray fluorescence (XRF) and atomic 
absorption (AA) techniques. The values from each technique are listed 
separately in parts per million. In some cases, only one technique was 
used. For each technique, two lists are provided—one for the dark lamina­
tions and one for the light laminations. 
Samples analyzed came from four quarries, and three specimens were 
selected from each quarry at different levels. The quarry locations in 
this appendix correspond to those of Map 3.1. AA and XRF were performed on 
the same rocks but not from the same powdered samples. The depths from 
which the specimens were retrieved are listed below. 
Quarry Level Depth (in feet) 
1 A 
B 
C 
0 
6 
9 
3 A 
B 
C 
7 
11 
4 A 
B 
C 
0 
6 
12 
5 A 
B 
C 
1 
8 
15 
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SiO^ Analyses 
AA 
Light Dark 
lA 2600 11000 
IB 1500 5700 
IC 2100 10000 
3A 2000 9000 
3B 3100 8100 
3C 2800 7400 
4A 1600 8100 
4B 1300 9400 
4C 2300 6200 
5A 1500 8900 
5B 1400 7700 
5C 2200 7300 
Na^ O Analyses 
AA 
Light Dark 
lA 1100 1200 
IB 900 950 
IC 1100 1100 
3A 900 1100 
3B 1000 860 
3C 1200 910 
4A 1000 1200 
4B 1400 1300 
4C 1100 1000 
5A 920 900 
5B 1100 1100 
5C 1200 1400 
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K^O Analyses 
XRF AA 
Light Dark Light Dark 
1261 1483 490 930 
405 898 420 720 
534 953 560 950 
402 887 600 860 
543 986 590 880 
572 922 370 980 
437 838 510 960 
476 1121 330 780 
461 959 440 1100 
661 1591 690 1500 
596 1045 500 870 
1516 559 360 950 
SrO Analyses 
XRF 
Light Dark 
141 279 
428 520 
411 494 
222 127 
318 361 
342 431 
132 102 
456 369 
521 591 
147 116 
318 499 
559 642 
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MgO Analyses 
XRF AA 
Light Dark Light Dark 
lA 492 1652 210 1300 
IB 541 1316 380 1700 
IC 515 1531 270 1200 
3A 524 1446 320 1100 
3B 487 1564 320 1800 
3C 547 1433 440 1600 
4A 517 1615 360 1400 
4B 568 1292 310 1800 
4C 549 1529 130 2100 
5A 538 1337 510 1900 
5B 552 1529 480 1400 
5C 602 1571 410 1600 
FeO + Fe 2^ 2 Analyses 
XRF AA 
Light Dark Li^ ht Dark 
LA 252 1038 660 1100 
IB 229 718 390 640 
xc 372 705 480 590 
3A 264 676 360 680 
3B 301 813 240 790 
3C 385 801 250 880 
4A 233 779 480 640 
4B 241 714 510 780 
4C 347 865 330 570 
5A 445 1213 320 710 
5B 405 938 280 660 
5C 1604 1376 240 750 
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MnO Analyses 
XRF AA 
Light Dark Light Dark 
lA 68 94 70 89 
IB 65 72 59 73 
IC 67 72 62 77 
3A 66 92 68 86 
3B 62 73 64 76 
3C 65 75 69 84 
4A 66 91 92 120 
4B 64 71 88 100 
4C 71 74 72 75 
5A 65 88 83 100 
5B 67 74 73 66 
5C 76 85 81 96 
Al^ O^  Analyses 
AA 
Light Dark 
lA 350 6900 
IB 310 7300 
IC 290 6800 
3A 370 8100 
3B 310 6300 
3C 270 6600 
4A 400 6800 
4B 380 7100 
4C 210 5800 
5A 330 7500 
5B 210 6600 
5C 270 5900 
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TiOg Analyses 
AA 
Lisht Dark 
lA 140 890 
IB 78 790 
IC 66 810 
3A 160 840 
3B 89 880 
3C 130 740 
4A 81 760 
4B 110 590 
4C 94 610 
5A 250 900 
5B 270 630 
5C 310 680 
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VIII. APPENDIX B: RECRYSTALLIZATION 
In minimizing the surface free energy of constituent crystals, a rock 
may be subjected to progressive recrystallization, a process which reduces 
free energy in a crystal and releases strain by reducing a large grain to a 
polycrystalline aggregate. Free energy is then further reduced by 
increasing the size of the new strain free grain. 
When a strained crystal with a high density of dislocations is heated 
above the temperature at which it was deformed, a number of changes take 
place that have the effect of lowering the free energy of the deformed 
crystal. The first step is to reduce the stored energy of deformation by 
decreasing the dislocation density. This step is called recovery because 
it includes those processes that attempt to return a deformed crystal to 
its undeformed state. Most recovery effects are associated with a decrease 
in dislocation density that results from the edge components of a disloca­
tion climbing until they meet another dislocation of opposite sign, and 
they annihilate each other; otherwise, they will climb until they reach a 
grain boundary. Screw components cross slip until they are mutually anni­
hilated or until they reach a grain boundary. 
The second step in progressive recrystallization is primary recrystal­
lization "characterized by the formation and growth to impingement of 
strain-free grains within the strained crystal" (Hobbs et al., 1976). The 
recrystallization nuclei are generally strongly deformed portions of 
original grains. During recovery, these portions of the grains change 
their dislocation structure, first becoming subgrains and then, during 
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primary recrystallization, becoming new grains by the development of high 
angle boundaries between adjacent grains. 
The strain free grains always have a different orientation to 
that of the strained crystals so that primary recrystallization 
involves the formation and migration of high angle boundaries. 
The high angle boundaries sweep through the deformed crystal and 
Remove most of the dislocations remaining from the recovery 
stage. As they do so, the newly recrystallized grain grows 
(Hobbs et al., 1976). 
The third step, normal growth, is the attempt to reduce the grain 
boundary tension of a polycrystalline aggregate. In a structureless grain, 
the grain boundary tension would be minimized by the grain adopting the 
shape that has the smallest surface area for a particular volume. For a 
grain isolated in space, this configuration would be a sphere. In an 
aggregate, however, the ideal shape is that of a truncated octahedron (that 
polyhedron with the smallest surface area for a given volume). 
Once the ideal shape is established, the process enters the fourth 
step, secondary recrystallization, where the grain boundary tension may be 
further decreased by increasing the average grain size, thereby decreasing 
the number of interfacial contacts, when normal grain growth ceases (due 
either to indentation inhibition or inclusion inhibition) and the aggregate 
is heated to a higher temperature, some boundaries which are more mobile 
than others begin to move. Boundary mobility results from the presence of 
high angle boundaries or a scarcity of inhibiting inclusions. There is 
always a tendency for a system to reduce the area of grain interfaces to a 
minimum. This corresponds to a tendency for a rock to become equigranular. 
Smaller crystals break down at points of maximum curvature, and larger 
grains grow from points of less curvature (Verhoogen, 1947). A dominant 
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feature of a rock that has undergone progressive recrystallization, there­
fore, is equigranularity. 
119 
feature of a rock that has undergone progressive recrystallization, there­
fore, is equigranularity. 
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APPENDIX C: PLATES 
Plate lA. Laminar gypsum from the Fort Dodge beds. The alternating black 
and white laminations are a characteristic of the deposit 
Plate IB. Thin section of a dark lamination in the Fort Dodge gypsum. 
Rhombohedral crystals are calcite or dolomite (the distinction 
can be made only by staining the thin section) (magnification 
-80X) 

Plate 2A. Hand specimen of the Fort Dodge gypsum polished on two sides at 
right angles to each other. Note that the thickness of the 
laminations is variable from one lamination to another and that 
a single lamination may vary in thickness from one end of the 
specimen to the other. 
Plate 2B. Polished specimen of the Fort Dodge gypsum with laminations 
varying from 1 to 7 mm in thickness 
% 
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Plate 3. Color domains are distinguishable in this polished gypsum speci­
men from the Fort Dodge beds. Several sets of banding in a blue-
gray domain (d) and in a white domain (1) can be distinguished 
(the domains cannot be clearly resolved because of the limita­
tions of a black and white photograph). Another color banding 
that occurs frequently in this specimen is yellow-brown. In 
some cases, it marks the demarcation between the light and dark 
domains (y). Note the crenulations in a white lamination at the 
top of the photograph (c). Several individual crystals, much 
larger than most (x), are scattered throughout the rock 
Plate 3. Color domains are distinguishable in this polished gypsum speci­
men from the Fort Dodge beds. Several sets of banding in a blue-
gray domain (d) and in a white domain (1) can be distinguished 
(the domains cannot be clearly resolved because of the limita­
tions of a black and white photograph). Another color banding 
that occurs frequently in this specimen is yellow-brown. In 
some cases, it marks the demarcation between the light and dark 
domains (y). Note the crenulations in a white lamination at the 
top of the photograph (c). Several individual crystals, much 
larger than most (x), are scattered throughout the rock 
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Plate 4A. Nodular gypsum. These aggregates are found as individual 
nodules or as a string of nodules that have grown together. 
This photograph shows the "chicken-wire structure" that forms 
by the coalescence of many nodules 
Plate 4B. This single gypsum nodule measures 25 centimeters in its longest 
dimension. It does not exhibit the "chicken-wire" structure of 
4A, though it may be composed of many single nodules that have 
grown together 
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Plate 5A. Veins of satin spar gypsum are common throughout the Fort Dodge 
gypsum deposit, such as the one in the center of this photo­
graph. These veins are composed of fibrous gypsum in which 
individual crystals are elongated along the cj-crystallographic 
axes. The long axes of these crystals are oriented perpendicu­
lar to bedding 
Plate 5B. This photomicrograph illustrates the inclusion of a clay layer 
within an anhedral gypsum grain (outlined). Note the continuity 
of the clay layer within the gypsum crystal with the clay layer 
on either side of the crystal (magnification - 80X) 
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Plate 6A. Interdigitation (i) between anhedral gypsum crystals and 
adjacent microcrystalline gypsum is a common feature of the 
Fort Dodge Beds. The anhedral crystal in this photograph con­
tains sand and clay inclusions (c) (magnification - 80X) 
Plate 6B. Exposure of the Fort Dodge gypsum at U.S. Gypsum's North Wells 
quarry. This exposure is approximately 21' thick 
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Plate 7. A portion of the gypsum exposure from which analyzed specimens were obtained. A, B, and C 
represent locations from which black-white lamination couplets were selected for examination. 
A fourth location from the base of the gypsum is not depicted 
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Plate 8A. A gypsum hand specimen before (left) and after (right) being 
heated to 200°C. After heating, the specimen no longer exhibits 
the thick dark laminations. Instead, clay stringers are visible 
in a white host rock. Note that the clay stringers are consid­
erably narrower than the dark laminations 
Plate 8B. Thin section of gypsum from the top 1' of the Fort Dodge beds. 
This thin section is composed of anhedrzl gypsum grains (magni­
fication - 50X) 
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Plate 9A. Subhedral selenite lath from the top 1" of the Fort Dodge gypsum. 
This crystal is completely surrounded by an anhedral grain 
(magnification - 50X) 
Plate 9B. Tabular gypsum crystals around which larger anhedral gypsum 
crystals have grown (magnification - 50X) 
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Plate lOA. Subhedral gypsum grain in an euhedral gypsum matrix. This 
specimen was collected from the top 1' of the deposit (magnifi­
cation - 50X) 
Plate lOB. Satin spar gypsum from the top 1' of the deposit. The crystals 
are curved and resemble a rib cage (magnification - 50X) 
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Plate IIA. Hematite-coated quartz sand grains. These sand grains give a 
red color to the rock, particularly in the highest parts of the 
gypsum body (magnification - 80X) 
Plate IIB. Specimen of satin spar gypsum collected from the top 1' of the 
Fort Dodge Beds. Notice that the crystals are stacked in 
double tiers (one row above another), and the tiers are sepa­
rated by thick clay layers 
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Plate 12A. Thin section of double tiers of satin spar gypsum. The upper 
and lower rows of crystals are separated by a very faint linea-
tion composed of small amounts of sand and clay (magnification -
50X) 
Plate 12B. Leaf-shaped gypsum crystals (a). These crystals frequently 
grew in the satin spar which formed tiers of gypsum crystals 
(magnification - 50X) 
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Plate 13A. Double tiers of satin spar gypsum. The border between the 
upper and lower tiers displays interlocking crystals and 
distinct crystal boundaries (magnification - 50X) 
Plate 13B. Thin vein of micro-satin spar between two closely spaced clay 
layers. These crystals are much smaller than those in 13A 
above (magnification - 80X) 
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Plate 14. Vein of micro-satin spar and a thick layer of broader satin spar 
crystals. The two layers of gypsum crystals are separated by a 
clay layer (magnification - 80X) 
148 
Plate 15A. Dark lamination from a specimen collected from the top of the 
deposit. This lamination is composed of sand and clay and 
granular gypsum. There is evidence here that as an anhedral 
grain extended through a clay layer, its growth continued as a 
euhedral grain (magnification - 80X) 
Plate 15B. Microcrystalline gypsum from couplet B (Plate 7). A thin clay 
layer (c) winding through the center of the photograph is 
barely visible (magnification - 80X) 
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Plate 16A. Euhedral gypsum set in a matrix of microcrystalline gypsum. 
This photograph is from a white lamination (magnification -
80X) 
Plate 16B. Hand specimen collected from a depth of approximately 9' in the 
Fort Dodge gypsum. The dark laminations measure several milli­
meters in thickness, but their corresponding clay layers 
average .7 to .3 mm thick 
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Plate 17A. Isolated cluster of clay from the Fort Dodge gypsum. This clay 
is set in a microcrystalline matrix (magnification - 80X) 
Plate 17B. Dark domain from the Fort Dodge gypsum composed of 25 percent 
subhedral grains. Note the difference between this photograph 
and one from the adjacent light domain (Plate 17A) (magnifica­
tion - 50X) 
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Plate 18A. Interpénétration (a) of microcrystalline gypsum in an anhedral 
grain (magnification - 80X) 
Plate 18B. Large anhedral gypsum from the same rock as Plates 17A, 17B, 
and ISA. Large anhedral grains are extremely rare in this 
particular rock (magnification - 50X) 
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Plate 19A. Microcrystalline gypsum (alabaster) from the Fort Dodge Beds. 
Note that crystal boundaries are generally not possible to 
distinguish (magnification - 80X) 
Plate 19B. Coarse gypsum crystals from the same rock as that of Plate 19A 
(magnification - 80X) 
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Plate 20A. Large euhedral crystal from the same rock as that of Plates 19A 
and 19B. This crystal is set in a microcrystalline gypsum 
matrix (magnification - 80X) 
Plate 20B. Narrow clay stringer whose course forms a lineation .1 to .3 mm 
thick. It winds through the rock essentially parallel to 
bedding (magnification - 50X) 
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Plate 21A. Clay stringers whose courses form semi-circular to circular 
outlines. This may represent a relict "net structure," in 
which the outlines represent former gypsum or anhydrite nodules 
(magnification - 50X) 
Plate 2IB. Subhedral gypsum crystal in an anhedral gypsum host. Note the 
protuberance (p) from the subhedral crystal that extends into 
the adjacent anhedral crystals. This suggests that replacement 
of the subhedral grain by the anhedral grains may be taking 
place (magnification - 50X) 
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Plate 22A. Evidence of preferred orientation of elongated crystals is 
faintly visible in this photograph. Orientation is perpendicu­
lar to bedding (magnification - 50X) 
Plate 22B. Euhedral crystal with re-entrant angle (r) along the crystal 
perimeter. The long dagger-shaped crystal exhibits undulatory 
extinction, though it is not apparent in the photograph 
(magnification - 50X) 
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Plate 23A. Jigsaw puzzle texture. This texture is produced by large inter­
locking anhedral gypsum crystals (magnification - 50X) 
Plate 23B. Small euhedral crystal (c) set in a host of much larger anhedral 
grains (magnification - 50X) 
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Plate 24A. Clay and carbonate in an isolated cluster (magnification - 80X) 
Plate 24B. Large interlocking anhedral gypsum crystals. The large crystal 
on the left half of the field is only partially included. The 
total length of its longest dimension is 5 1/2 mm. Interdigi-
tation (i) with adjacent crystals is vividly apparent (magnifi­
cation - 50X) 
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Plate 25A. Satin spar gypsum. This vein is found at a depth of approxi­
mately 6' within the gypsum body. Clay layers (c) above and 
below the vein are barely visible (magnification - 80X) 
Plate 25B. Small gypsum euhedra (e) and anhedra (a) in a microcrystalline 
gypsum matrix. This photograph is from a light lamination in 
the same hand specimen as that of Plate 26A (magnification -
50X) 
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Plate 26A. Subhedral gypsum crystal in an anhedral gypsum host. The 
anhedral grains are considerably larger than the subhedral 
grain. This photograph was taken from a dark lamination in the 
same hand specimen as that of Plate 25B (magnification - 50X) 
Plate 26B. Anhedral gypsum and microcrystalline gypsum. These large 
anhedral crystals were found in the same hand specimen as that 
of Plates 25B and 26A (magnification - 50X) 
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Plate 27A. Jigsaw puzzle texture. This photograph from the same specimen 
as 26B exhibits no microcrystalline gypsum (magnification -
50X) 
Plate 27B. Subhedral gypsum in a matrix of microcrystalline gypsum (magni­
fication - 80X) 
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Plate 28A. Lenticular gypsum. Lozenge-shaped lenticular crystals of 
gypsum (1) are a habit commonly found in sabka environments. 
They are an extremely rare habit in the Fort Dodge gypsum. 
Note that the euhedral gypsum lath (e) next to the lenticular 
crystal is truncated by a clay layer (c) (magnification - 50X) 
Plate 28B. Yellow-brown clay winds through a host of anhedral gypsum 
grains forming the distinctive "net structure" (magnification -
50X) 
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Plate 29A. Dark lamination composed of black clay, anhedral to subhedral 
gypsum, and microcrystalline gypsum (magnification - 50X) 
Plate 29B. This photograph displays all three gypsum crystal varieties 
found in the Fort Dodge gypsum, a-anhedral gypsum, e-euhedral 
gypsum, m-microcrystalline gypsum (magnification - 50X) 
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Plate 30A. Microcrystalline gypsum. Note the total absence of large 
crystals (magnification - 50X) 
Plate 30B. Anhedral to subhedral gypsum set in a microcrystalline gypsum 
matrix (magnification - BOX) 
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Plate 31A. This photograph displays all three varieties of gypsum crystals 
which predominate in the Fort Dodge gypsum beds, e-euhedral 
gypsum, a-anhedral gypsum, m-microcrystalline gypsum (magnifica­
tion - 80X) 
Plate 31B. Massive gypsum from the base of the Fort Dodge Beds. Though 
banding is faintly visible, this rock lacks the characteristic 
lamellar feature of the higher parts of the deposit 
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Plate 32A. Jigsaw puzzle texture. This specimen displaying large inter­
locking anhedral grains was collected from the base of the Fort 
Dodge gypsum (magnification - 50X) 
Plate 32B. Large anhedral grain (outlined) with subhedral gypsum and clay 
inclusions (magnification - 80X) 
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Plate 33A. Clay layer (at the bottom of the photograph) running through a 
microcrystalline gypsum matrix (magnification - 80X) 
Plate 33B. Large gypsum nodule collected from the top 1' of the Fort Dodge 
gypsum. This nodule is stained red by the presence of hematite-
coated quartz sand 
186 
Plate 34. Red quartz sand grains (s) along the boundary of a gypsum nodule 
(magnification - 80X) 
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Plate 35. Large selenite crystals (s) in a gypsum nodule bounded by satin 
spar (ss) outside of the nodule. Note what may be small 
anhydrite relicts (a) along the boundary of two selenite crys­
tals (magnification - 80X) 
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Plate 36. Large selenite crystals (s) mark the boundary of a gypsum 
nodule. The interior of the nodule is composed of microcrys-
talline gypsum (m). Note the anhydrite relicts (a) (magnifica­
tion - 80X) 
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Plate 37A and B. Carbonate (Ca), clay (Cl), and euhedral gypsum (G) in a 
microcrystalline gypsum matrix on the interior of a gypsum 
nodule (magnification - A=80X, B=50X) 
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Plate 38A. Chicken-wire structure. This feature is formed when gypsum or 
anhydrite nodules expand and coalesce 
Plate 38B. Large selenite crystals from the interior of gypsum nodules 
collected at a height of 5' from the base of the Fort Dodge 
gypsum 
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Plates 39A and B. Joint-controlled solution channels in the Fort Dodge 
gypsum. The channels form recti-linear courses parallel 
to and normal to major joints in the rock. It is likely 
that such channels are the result of groundwater 
activity 
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